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Abstract: This contribution aims to analyze medical interventions scheduled and executed 
using image-guided robots. Such interventions, which can be surgical or restricted drug 
delivery, involve minimally invasive, precise, and harmless therapies. The accuracy of robotic 
positioning is trained via uncertainty and complexity reductions. This could be achieved by 
matching real and virtual procedures involving physical and virtual phantoms of the relevant 
part of the living tissues. Such tailored training includes personalized, patient and 
interventional tool features. The training results enable a real (with patient) intervention 
controlled by staff and a possible matched autonomous intervention under staff supervision. 
The paper includes regards on the control and monitoring of image-guided procedures, and on 
augmented matched digital twins for real interventions. The various topics covered in this 
narrative review, are supported by examples from the literature. 
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1. Introduction 

Throughout the history of evolution, the concentration on advancement has never 
ceased. Today, many routine procedures and devices typify the well-being of modern 
humanity. One of the most significant fields of this well-being relates to all health-
linked strategies that permit safety, comfort, and healing outcomes. Recent advances 
in medical science have involved the discovery of the causes of many diseases and 
strategies to deal with their threats. These strategies mainly involve surgical and drug 
administration medical interventions. Traditionally, in open interventions, the 
abovementioned health-linked factors depend entirely on the tactile and visual skills 
of the medical team. These aim to be the least invasive and most accurate in terms of 
positioning. Thus, they protect healthy tissues contiguous to the hostile tissues 
involved. In addition, medical staff are supposed to practice individualized patient 
care, which strengthens the abilities required for operational efforts. The concept of 
personalized medicine comprises medical care adapted to the particular requests of 
each patient, considering in addition to the specific disease to be treated, factors such 
as hereditary features, daily life, the ecological environment and the response to 
treatments.  

Following the above discussion, the less invasive and positional accurate tactile 
and visual skills could be beneficially replaced by committed image-guided robotic 
means [1-4] or equivalent strategies such as robotic and laparoscopic intervention [5]. 
In fact, a robotic intervention could be considered as the daughter of a laparoscopic 
one with an evident enhancement in instruments and also in the surgeon’s exhaustion 
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who adopts a more relaxed position during the whole procedure. Such substitution is 
principally indorsed for more complex interventions. Moreover, such interventional 
complexity that can be encountered during major surgical interventions [6-9] or 
restricted drug administration [10-12] that requires acting in a constrained area, as 
mentioned before, to protect healthy living tissues neighboring the affected area. Thus, 
closed-loop robotic or laparoscopic processes would allow complex interventions 
reflecting positioning accuracy, minimally invasive (MI) and area-restricted medical 
decisions through assistance using means harmless to healthy living tissues [4,5]. In 
such closed-loop robotic control processes, different problems may be encountered, 
related to the administration of complexity, uncertainty and unexpected hazardous 
incidents. Such dilemmas can be solved by using a control strategy based on matched 
physical-virtual pairs [4,13]. Thus, the concept of personalized medicine as well as the 
abovementioned medical decisions could be predetermined by monitoring a matched 
real-virtual pair (involving a physical phantom and its model) allowing the verification 
of the intervention outcome. This supervision can be facilitated by human 
involvement. Moreover, in the meantime, a monitoring of the real-virtual pair could 
be autonomous in the presence of the patient and with the staff in the loop.  

The aim of this narrative review is to analyze complex personalized medical 
interventions using image-guided robotics, ensuring MI and safe conditions for precise 
surgical or drug delivery procedures. The management of complexity and uncertainty 
involved in such procedures is accomplished through adapted digital twins’ tools. The 
paper sections are summarized as follows. The second section is devoted to the 
contrast of traditional open and MI interventions. The third section is dedicated to 
image-guided medical interventions involving characteristics of adapted 
interventional scanners. The forth section concerns the control and monitoring of 
image-guided interventional procedures including closed-loop control of image-
assisted robotics, and the reduction of disruptive factors in this control by monitoring 
real-virtual pairs, digital twins (DT). The fifth section is dedicated to the governing 
mathematical equations. Section 6 is related to monitoring involvements by DT, 
potential staff in the loop and augmented DTs for real interventions (with patients). 
Finally, conclusions and future suggestions are given in the last section. 

2. Open and MI interventions 

Both open and MI intervention techniques are commonly practiced and have 
different characteristics and advantages. The open procedure is the customary method 
that has been expended for many years. In this case, generally one large cut is 
fashioned to get into the spot of the operation. This opening permits to directly see and 
get into the organ tissue being worked on. The open technique permits some profitable 
situations, as distinct sight of the interventional zone, letting accurate handling and 
skill, and enhanced access to intricate or outsized configurations that might be 
challenging to attain in MI practices. Conversely, open intervention presents a number 
of weaknesses. The big cut can steer to further suffering, superior bleeding, and an 
elongated healing interval. Moreover, there is a greater threat of infectivity and a big 
cut trace. 

The two commonly used MI procedures are laparoscopy and computerized 
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robotics. Laparoscopic intervention uses some slight cuts on body surface, in the range 
of cm. Across these tiny openings, dedicated interventional mechanisms and a 
miniature camera named laparoscope are introduced. This technology evolves, 
different benefits related to MI incisions and increased laparoscope vision of the 
process zone. They respectively help reduce pain, bleeding, healing period and 
noticeable scars, as well as precise and manageable engagements. Laparoscopy is very 
commonly used in abdominal surgeries and also as diagnostic tool [14]. Conversely, 
laparoscopy procedure might be incompatible with all cases concerning patients or 
intervention types [15] and needs in general devoted training and instrumentation. 
Actually, intricate procedures such as neurosurgery might yet necessitate open 
technique or more sophisticated robot-assisted laparoscopic techniques [16]. Note that 
the difference between laparoscopy and its robotized option relates mainly to the 
medical staff’s state of affairs, regarding surgical dexterity, ergonomics and ease of 
execution. When it comes to robotic intervention, the goal is generally not to take the 
place of the surgeon but to increase his ability to care for the patient. The robot is 
therefore a surgical device that is managed by a computer, where its control is 
commonly shared between the surgeon and the computer. Medical robots are therefore 
often referred to as surgical aides [17]. Surgical robots involve different practices or 
prospective categories depending on their concept and corresponding appropriate 
types of intervention [18]. 

3. Image-guided interventions 

As mentioned earlier, the adoption of an interventional approach depends on 
different factors, including the illness, the procedure complexity and the staff 
expertise. Only once a complete valuation can the most fitting selection be presented 
to the patient, evidence-based verdict making [19]. MI techniques permit further duties 
to be executed with enhanced dexterity, ergonomics, and staff facility. A cutting-edge 
expanded approach of such practices, going further regarding task augmentation, 
could be image-guided robotic involvement, thus using the robotic positioning 
precision and 3-D high-resolution vision owing to scanner imaging. In effect, seeing 
only vision and positioning abilities, only image-guided procedure practices 
instantaneous imaging, helping in prompt locating.  

The image-guided robotic MI interventions generally increase patient comfort 
and safety, accompanied by execution precision and successful therapeutic outcomes. 
Moreover, such methodologies can work at almost all body areas, involving surgery 
or embedded restricted drug release. Even though the imaging means are specially 
made for each to explicit circumstances [20], those engaging ionizing radiations as 
positrons or X-rays, look inapt for cures of wide duration, as in the situation of image-
guided procedures. Thus, scanners matching such lengthened jobs are those displaying 
nonionizing features, precisely ultrasound and magnetic resonance [21]. This avoids 
the potential harmful effects of ionizing radiation on the living tissues involved and 
the surrounding healthy tissues. A scanner is assumed to dispense a 3-D high-
resolution view of tissue specimens together with the involved robotic tools. Thus, the 
scanner abilities and the robot competencies are merged in a talented task. These two 
nonionizing scanners can accomplish the aforesaid burden with particular limitations 
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for each. The ultrasound can only be executed in airless and boneless frames [3,4] 
while MRI entails a scaffold environment free of electromagnetic field (EMF) [22] but 
can operate universally in all body organs. It should be noted that ultrasound has 
suitable malleability and cost, while MRI, which permits exceptional soft tissue 
images, is more expensive and has a more intricate use. Choosing between the two 
scanners thus depends on the situation. However, once patient comfort and safety are 
imperative, such as in brain interventions, the use of an MRI-guided procedure 
becomes compulsory. 

4. Control and monitoring of MRI-guided plans 

Image-guided interventions that adopt security require linking to scanners and 
clinical procedures generally exploit MRI and ultrasound imaging [3,4,23]. MRI 
scanners are progressively being used in interventions, mainly owing to their higher 
skill to discriminate tumors from healthy tissue in events involving tumor extraction 
[24]. As aforesaid, an MRI scanner is EM-sensitive and could be troubled by external 
EMFs as well as the introduction of external substances; thus, robotic constituents 
hosted in its scaffold must be MRI-compatible, i.e., devoid of magnetic or conductive 
ingredients. However, robotic arrangements normally necessitate high- performing 
actuation dealings, while a small number of actuator categories perform in an MRI-
compatible mode. One possible group of actuation tools that are usually MRI-
compatible utilizes piezoelectric constituents, which come in diverse brands. More 
details about their configurations, manufacture, investigation, and usages are 
presented, for example, in [25-27]. These tools are free of magnetic stuff and fashioned 
of dielectric piezoelectric ingredients, but provided with tinny and non-massive 
conductive electrodes required for their excitation. Indeed, piezoelectric materials are 
known to be compatible with MRI, while the compatibility of electrodes despite their 
size poverty depends on their material characteristics and organizational structure and 
therefore requires validation as a precaution. 

4.1. Closed-loop control actions 

The consistency of tissue zone restriction is linked to the actuation accuracy of 
the medical tool and its positioning in the working area. Consequently, the necessity 
for such superior area tracking suggests an image- coordinated position identification. 
This entails a cooperative arrangement running independently, as shown by the 
representation of a self-controlled surgical background in Figure 1, including scanner, 
tissue-touched zone, surgical tool, position and actions processing, robotic control and 
actuation [3,4]. The accuracy implicated in such a closed-loop control process, 
associated with location positioning and actuation feature, would be fashioned by the 
amount of intricacy of the joint components of the process, the concomitant 
uncertainties, and different unforeseen exterior hazards. Only the reduction of such 
disturbing characteristics authorizes a reliable control. 
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Figure 1. Schematics of a self-controlled image-guided robotic interventional 
procedure. 

4.2. Compatibility and disturbances control  

This section aims to investigate the reduction of disturbing features related to 
MRI compatibility, as well as image-assisted procedure complexity and uncertainty. 

4.2.1. MRI compatibility 

The following assessment aims to tackle the problem of MRI-
compatibility of introduced stuffs linked to robotic instruments in the scanner 
scaffold. Such compatibility is concomitant with image faithfulness and 
exactness. An MRI-compatible substance is presumed not to alter the image 
quality. An image produced in an MRI scanner is fashioned by signals initiated 
by the interaction of fields with living tissues. Actually, three dissimilar fields 
are utilized to build 3-D images. A large static field produces a magnetization 

vector in tissues, bringing their protons and measuring their strength. Three little-
frequency repetitive gradient fields space-locating ranged tissues protons forming a 3-
D spatial reconstruction. Finally, a radiofrequency (RF) field excites the vector of 
magnetization in tissues, allowing its disclosure by the scanner, which can be treated 
and transformed into images [3]. 

In fact, MRI deals with the atomic nuclei of hydrogen that are enclosed inside the 
body. A nucleus of hydrogen is a proton that is a mass of positive charge revolving 
around an axis. Protons are randomly orientated in tissues, and individually spin, thus 
acting out of phase and exhibiting zero magnetic field. Bearing in mind the MRI 
theory, protons in tissues entail three engagements: aligning protons in an established 
direction, rotating them together, and localizing their distinct place of origin. Such 
organization could be respectively accomplished by: a static field B0, a RF field B1 
pulsating with the natural frequency of protons’ rotation fL (Larmor frequency) 
permitting a resonance action, and 3-D space gradient G(x, y, z) operated to the field 
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B0, allowing distinct position values of B0d (x, y, z) = B0 + G(x, y, z). The value of fL 

is B0 dependent and equal to 42.5 MHz per tesla, and the conforming distinct position 
values fLd (x, y, z) are B0d (x, y, z) dependent. As abovementioned the three MRI 
operated fields, contrast in strength, frequency and presence. Thus, B0: 0.2–10 T, 0 

Hz, always present; gradient: 0–50 mT/m, 0–10 kHz, pulses of a few ms; B1: 0–50 
μT, 8–300 MHz, (amp. mod. pulses) of a few ms. An illustration of the MRI 
field components is shown in Figure 2.   

 
Figure 2. MRI fields: (a) electromagnet B0, (b) gradient coils (one couple for one 
axis), (c) RF coil (birdcage) B1. 

The components generating the MRI involved fields are generally protected. The 
static and gradient fields are compensated and regulated. The RF field coil (frequently 
birdcage form, Figure 2c) that is basically related to the image, is the most unprotected 
against worries principally due to introduced external substances in the MRI scaffold. 
Thus, the MRI-compatibility of an object inserted in the scaffold, inside the birdcage, 
is controlled through its impact on the field distribution of B1, i.e., for an MRI-
compatible object, the field distributions with or without the object are identical. Thus, 
the compatibility could be verified through computations of the field distribution in 
the birdcage of B1. 

4.2.2. Complexity and uncertainty treatments 

As stated previously, the accuracy concerned in the image-assisted robotic 
control related to actuation and frame positioning is dependent on disturbing 
dynamics, containing the complexity amount of diverse implicated combined 
constituents, the allied detection uncertainties, and uncommon external hazard 
happenings. The suppression of such possible distresses, besides the concern of 
particular distinct process data, is necessary for the truthful running of the controlled 
image-guided practice. Such purposes could be accomplished by monitoring the 
concerned factors in a corresponding real-virtual pair through a digital twin (DT) 
implementation [28]. A DT is typified by the incorporation of information within a 
couple of a physical occurrence and its digital replica, paired in a two-way conduct. 
Such methodology is experienced for management of complexity in regulated 
processes [29] and arranged as a physical-virtual pair permitting self-adapting 
behavior. Thus, the physical wing of the pair distributes processed detected data to the 
virtual wing, while the latter conveys control instructions to the physical wing. These 
matching supports reducing pair uncertainties and unforeseen irregularities in 
procedure control. It thus seems obvious that the supervision of complexity, 
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uncertainties and irregularity by DT answers well to the disturbing dynamics of image-
assisted robotic control stated above. Newly, DT has been increasingly established in 
the health area, facilitating associated nursing and continued administration of 
disturbances. Many circumstances have been considered for this goal, see e.g., [30-
33]. 

4.3. DT supervision of MRI-assisted interventions 

The specified DT supervision arrangement of an image-guided robotic procedure 
is described in this section. Generally, regarding the abovementioned exchanges 
between the DT wings, the processed information of the real wing distributes sensed 
data matched and corrected, by peripheral “IoT” information and acquired historical 
data. The achieved result, once experienced as data analysis, is transferred, with a 
suitable reduced model suggestion, to the virtual wing. In fact, a swift interaction 
(corresponding) between wings of DT requires an accurate virtual replica but with 
little finishing time. Thus, the all-inclusive coupled model, which truthfully signifies 
the real procedure, would be condensed, permitting weak calculation time but 
conserving the essence of the actual process. Supervision of an image-guided robotic 
control using an amended DT implementation achieves an effective adaptive control 
process linking the actual process paired with a reduced model [34]. Figure 3 shows 
the structure of such a process. Such supervising could be exploited for personnel 
training, forecasts using bodily phantoms and their digital copies, or an actual patient–
virtual duplicate model, containing self-governing corresponding with personnel in 
the loop. 

The implicated coupled model comprises wholly constituents and deeds of the 
image-piloted robotic procedure shown in Figure 1. As mentioned, the two MRI 
magnetic fields of the static and gradient fields are compensated and adjusted. Also, 
the RF field distribution is correlated to the images. This arises through the treatment 
and conversion of the signals succeeding the excitation and restoration of the B1-wave. 
Therefore, the 3-D distribution of the RF field in the birdcage containing the tissues 
and the robotic tool that stands for the result of the imaging procedure, can be used for 
the control of the MRI-compatibility of the tool.  
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Figure 3. Schematic demonstration of the attributes of a DT monitoring an image-
guided robotic intervention. 

5. MRI RF field governing equations 

As aforementioned, the restoration of the RF wave in the MRI scaffold yields a 
3-D field distribution allowing the following signal treatment and image 
transformation to attain a 3-D image of tissue specifics together with a robotic tool. 
The mathematical governing equations of such RF field occurrence are founded on 
Maxwell’s local behavior differential shape of the universal EMF equations [35]. In 
the circumstances of RF EMF radiation of living tissues, we can expand the 
subsequent harmonic formulation of EMF: 

∇ × H = J   (1)

J = Je + σ E + j ω D  (2)

E = −∇ V − j ω A  (3)

B = ∇ × A            with ∇ ꞏ A = 0   (4)

In Equations (1–4), H and E are the vectors of the magnetic and electric fields in 
A/m and V/m, B and D are the vectors of the magnetic and electric inductions in T 
and C/m2, A and V are the magnetic vector and electric scalar potentials in Wb/m and 
volt. J and Je are the vectors of the total and source current densities in A/m2, σ is the 
electric conductivity in S/m, and ω is the angular frequency = 2πf, f is the frequency 
in Hz of the exciting EMF. The symbol ∇  is a vector of partial derivative operators. 
The magnetic and electric comportment laws, respectively, between B/H and D/E are 
represented by the permeability μ and the permittivity ε in H/m and F/m. 

The solution of these equations must consider specific characteristics of the 
concerned constituents, such as geometrical intricacy, material inhomogeneity, 
variables nonlinearity, which suggest sophisticated computational methodologies. 
Satisfying such features inflicts material local response implying the use of discretized 
3-D approaches, such as the finite element method (FEM) or similar methods as BEM, 
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FDTD, etc., [36-39]. The solution might be expanded to attest the MRI-compatibility 
of the diverse stuff hosted in the MRI scaffold, by means of EM compatibility (EMC) 
practices [3].  

5.1. DT virtual models 

The DT process supervising tool (Figure 3) comprises a process-coupled model 
[40] and its condensed or surrogate form [41,42]. Virtual arithmetical models 
(numerical phantoms) can typify the body part living tissue implicated in the 
intervention. Significant characteristics of such models should match the nature of the 
substance and biological properties, structural form and reliability of the used 
computational methodology. Diverse body replicas with living tissue features could 
be found in the literature [43-45]. 

5.2. EMC MRI-compatibility analysis  

The MRI scanner shows sensitive reactions to EM interference due to exposure 
to peripheral EMFs or enclosure of EM-sensitive ingredients into the scaffold, both of 
which can disturb the scanner’s own EMFs. The MRI EM-sensitive substances are 
mostly ferromagnetic and conductive constituents. Bearing in mind that the static and 
gradient fields are balanced and controlled as mentioned formerly, the interaction of a 
matter hosted in the scaffold with the RF B1 wave can be analyzed. With such an 
analysis, the matter’s compatibility with MRI can be validated or established. Thus, 
the EMC analysis permits the detection of the influence of the enclosure of outside 
ingredients into the MRI scaffold on the 3-D B1 field distribution, which is image 
correlated, acquired from the solution of (1-4). These equations are solved for a 
specified field excitation size and frequency alongside the behavior laws parameters 
σ, μ, and ε of the introduced stuff. 

As aforesaid, typical MRI-compatible robotic piezoelectric actuators are 
furnished with thin electrodes required for their excitation. These conductive 
electrodes could be accountable for the trouble of the 3-D RF B1 field distribution, 
owing to their eddy currents provoked by this field. These currents principally hang 
on the perpendicular conductive surface to the field. Such an incident might be utilized 
in the actuation to reduce disturbance in the MRI RF field distribution [4]. Perturbation 
check could be accomplished by corresponding the field distributions with and without 
the hosted object. Figure 4 displays the RF field B1 distribution (vertically directed) 
in the cross-section of an unoccupied birdcage inside the scanner tunnel. Figure 5 
shows an instance of a cubic piezoelectric coated by thin electrodes on two opposed 
sides of the cube, exemplifying a simple piezoelectric actuator (Figure 5a). Figure 
5b,c exhibit the field distributions in the two circumstances with the electrodes 
respectively perpendicular and parallel to the field. 
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Figure 4. MRI RF B1—vertically directed—(at 63.87 MHz, B0 1.5 T) distribution in 
the situation of no material [4]. 

 
Figure 5. MRI RF B1 (vertically directed) field distribution in the case of insertion of 
a piezoelectric covered by two electrodes, (a) material framework (b) distribution of 
B1 field—electrodes perpendicular to the field (c) distribution of B1 field—electrodes 
parallel to the field [4]. 

It should be noted that the conductors’ influence, in the situation (parallel to the 
field), is radically diminished (Figures 4 and 5c are almost the same). These outcomes 
demonstrate a simple qualitative instance of likely EMF interference image 
perturbation and hence actuation potential by dropping such disturbance. 

6. DT monitoring concerns 

6.1. Projecting of medical plans 

The DT administration of the MRI-guided procedure needs preparation to fine-
tune and validate the different medical schedules. This would be achieved by means 
of material phantoms and their digital models in the DT implementation. These pre-
appointments comprise patient and interventional specified data, conforming to 
adjusting scanner parameters, MRI compatibility of articles enclosed in the scaffold, 
and associated actuation and handling of robotics concerns of the involved 
intervention.  

6.2. Implementation and training prospects  

The preparation stated in the previous section permits the easy management of 
the commitment and the projected corrections involved in the therapeutic process. 
Thus, the forthcoming intervention comprising the patient might be achieved in a 
straight imaging-assisted cooperative environment, under personnel administration, or 
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conceivably as an autonomous DT monitoring procedure including medical staff in 
the loop. Furthermore, such tuition authorizes staff to predict the disorders that patients 
may possibly endure within the intervention. Such disturbances could be connected to 
robotic medical tools, operations or drugs. Additionally, the DT patient individualized 
scheduling task allows the medical team, in a risk-free way, deprived of patient, to 
execute processes, adjudicate judgments, and be conscious of possible assessment 
errors [4,46]. 

Concerning living tissues of diverse body portions, they are signified in the DT 
on two sides, by material phantoms and their digital copies. The tissue conducts in 
these phantoms (physical and digital) are of a static nature, which could be satisfactory 
for some organs in the situation of particular processes. Nevertheless, these 
representations are presumed to allow for real tissues’ biological conduct [47]. The 
genuine soft tissues’ behavior relates to an intricate, lively dynamic conduct matching 
the displacement and deformation mechanics of living soft tissues [48,49]. 

6.2.1. Human participation and augmented DT  

Human-robotic alliance surfaced by the DT concept with staff in the loop permits 
sophisticated image-guided administration of medical interventions, thus decreasing 
the patient menace and guaranteeing a consistent finish for the staff [50]. Furthermore, 
artificial intelligence (AI) practices in such treatments aid in lessening the intricacy of 
data acquisition and post-processing and in achieving repeated scheduled training 
tasks [51]. Additionally, the involvement can be considerably enhanced across 
magnified human-robot links, developing the whole organization by means of 
augmented reality (AR)—guided robotic deeds. Consequently, AR joint to MRI 
scanner can reduce hazards in complex clinical dealings, such as tissue injury, 
bleeding, and post-interventional distress. As well, DTs can accomplish a significant 
duty in AR-assisted robotic involvement. Therefore, the probable disturbance source 
and its remedying could be precisely detected via personal patient analysis owing to 
deep learning databanks. Likewise, several added profits of mutual AR-DT are 
possible regarding enhanced correctness in suturing, sticking, and fixation paralleled 
to manual duties [50,51]. 

6.2.2. Potentials of tutoring  

DT can potentially renovate patient healthcare by gradually conveying 
individualized and data-driven therapeutic attention. Its practice is share of digital care 
and is generally exploited in personalized therapeutic cures, which allow malady 
observing and detection, tutoring, or interventions. DTs are frequently allied, as 
mentioned above, to AI and AR tools, besides virtual reality (VR). Equally, VR tuition 
advances the capacity to reproduce routine training conditions with the facility to 
correctly gauge execution. Tutoring principally comprises scheduling an 
individualized session or investigating new dealings as part of overall training.  

The necessary DT tuition of starting personnel is linked to the founding of virtual 
body and anatomy representations to allow execution, proficiency amplifying, and 
perfecting their insight into the body issues. DT regular staff training includes carrying 
out scenarios, fulfilling essential characters, administering drugs, and facing critical 
conditions. This can be linked to patient attentions, e.g., cardiac incidents, or 
environmental conditions, e.g., fires. Moreover, DT permits tutoring in the usage and 
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care of therapeutic tools and infection control processes. Additionally, training of DTs 
permits personnel to watch the evolution of disorders and adjust treatment strategies, 
choosing the most appropriate therapy. Such tutoring in personalized scheduling aids 
to progress early judgment and investigate new handling or interventions [52]. 

7. Discussion 

The outcomes of this review emphasized the significance of MI, non-ionizing, 
and accurate interventions. In addition, acquiring the benefit of a suitable digital 
environment permits staff to plan, forecast, search, tutor, and execute with staff in the 
loop. Following the above analyses, several questions merit more discussions: 

The chronological classification of interventional strategies is often related to 
procedural innovations such as optical fibers, robotics, numerical control, DT, etc., 
and mainly to their use in medicine (see e.g. the studies of [3,53]). This contribution, 
in addition, has underlined some capacities proposed by the choice of image-assisted 
interventions and by DT monitoring of their controlled procedure.  

Concerning the procedural innovations cited in the preceding point, these are 
frequently given as pioneering due to their use in modern attention, even if their idea 
existed earlier, such as the link between neural networks and AI. Same as the recent 
concept of DT introduced by Grieves in 2002 [29], which practices a similar strategy 
to the oldest survival tactic, namely, camouflage styled by Bates in 1862 [54], which 
permits creatures to merge into their surroundings, thus hiding owing to adaptive 
matching. 

In the above examination of DT supervising (tracking), the considerations of 
complexity, swift matching, coupled and reduced models have been tackled at 
different places. In effect, these concepts are interrelated. An accurate correspondence 
of a physical complex process with its virtual model infers the use of a complete 
coupled model [55]. The problem with this last is its enormous execution time, 
incompatible with quick simultaneous matching. Therefore, the complete model 
should be reduced without damaging its precision [56]. Attaining the limit between 
swiftness and failing truth, a surrogate model could therefore be substituted [57,58] 
for the complete model or one can implement non-intrusive stochastic methods, such 
as kriging and polynomial chaos [59,60], advancing helpful Meta models. 

The three different MRI fields B0, B1, and G are supposed to be safeguarded and 
safe for patients and medical staff when using scanners with modest efficacy (static 
field asset and gradient output). For lately great-performing scanners, some distressing 
worries could be perceived and the scanner’s involved fields can trigger uncomfortable 
consequences for patients or adjacent staff. These concerns mainly involve the pulsed 
gradient G and the static B0 fields, due to the high output (strength and scanning 
swiftness) of the first and the ultra-high-field (UHF) above 7 T in the second in recent 
high-performance scanners. Indeed, high output G, which permits smaller imaging 
duration, can produce peripheral nerve stimulation (PNS) [61,62] and the UHF B0 [63] 
can induce currents and hence fields in body tissues moving inside or near the scanner 
[64], triggering different painful feelings. Moreover, such interaction of B0 with 
moving body fashions magnetic induction effects associated with induced currents and 
Lorenz forces [65], depending on the movement speed and the field strength and hence 
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in case of UHF, different disturbances could happen, e.g., magnetic vestibular 
stimulation (MVS) [66]. Other common side effects of these forces could be found in 
[67,68]. 

Regarding the accuracy of robotic positioning and its repeatability, a robot’s 
correctness is its ability to attain a particular target in its workspace. It certifies that it 
can track planned orders to execute duties calling for accurate locating. Precision hang 
on sensors, control scheme, and environmental circumstances. Robotic consistency is 
associated with repeatability, which rates how consistently it goes back to the same 
position. It is shaped by joint constancy (a measure of actuation drift), adjustment, and 
robustness [69]. 

Disturbances in MRI-assisted robotic involvements could be reciprocated. Thus, 
the MRI scanner is allergic to EM interference triggered by robotic concerns, and the 
robotic control scheme may also be traumatized by the scanner’s fields [70]. 

MRI-compatible robotic instruments could involve, as mentioned in the above 
analysis, piezoelectric actuators that reflect a relatively small intrinsic motion range. 
Actually, the range can be expanded by an exterior process of mechanical movement 
enlargement, straight or obliquely, by transforming deformation into movement. The 
oblique expansion uses generally sophisticated structures, recurrence, and/or striding 
approaches. Thus, enlarged actuators can accomplish longer strokes and higher 
degrees of freedom [71]. 

Regarding the challenges of DT monitoring, particularly in the areas of health 
and human participation DT (see Section 6), several recent studies are available in the 
literature, for example [72-75]. Recent articles [76-78] relating to intelligent digital 
management and robotic actuation of interventions can also be quoted. 

8. Conclusion 

The proposed contribution participated in the analysis of complex medical 
interventions involving an image-assisted robotic process under MI, non-ionizing and 
precise surgical or drug delivery conditions. Scanners suitable for robotic 
interventions, control and monitoring, as well as mastering their disruptive factors and 
planning of personalized and medical decisions with augmented prospective routines, 
were analyzed and discussed. As a conclusion of this study, digital twins already 
integrated in healthcare could provide, combined with digital tools, an effective 
solution for the management of image-assisted robotics. This could be implemented 
in different forms, including training, planning and control interventions through the 
use of phantoms or involving patients with staff in the loop. A suggested future open 
question could be related to a deeper reflection on the mechanical behaviors of living 
tissues in real time.  
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