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Abstract
Purpose  Increasingly more laparoscopic surgical procedures are performed with robotic platforms, even becoming the 
standard for some indications. While providing the surgeon with great surgical dexterity, these systems do not improve sur-
gical decision making. With unique detection capabilities and a plurality of tracers available, radioguidance could fulfill a 
crucial part in this pursuit of precision surgery. There are, however, specific restrictions, limitations, but also great potentials, 
requiring a redesign of traditional modalities.
Methods  This narrative review provides an overview of the challenges encountered during robotic laparoscopic surgery 
and the engineering steps that have been taken toward full integration of radioguidance and hybrid guidance modalities (i.e., 
combined radio and fluorescence detection).
Results  First steps have been made toward full integration. Current developments with tethered DROP-IN probes success-
fully bring radioguidance to the robotic platform as evaluated in sentinel node surgery (i.e., urology and gynecology) as well 
as tumor-targeted surgery (i.e., PSMA primary and salvage surgery). Although technically challenging, preclinical steps are 
made toward even further miniaturization and integration, optimizing the surgical logistics and improving surgical abilities. 
Mixed-reality visualizations show great potential to fully incorporate feedback of the image-guided surgery modalities within 
the surgical robotic console as well.
Conclusion  Robotic radioguidance procedures provide specific challenges, but at the same time create a significant growth 
potential for both image-guided surgery and interventional nuclear medicine.

Keywords  Robotic surgery · Precision surgery · Medical devices · Radioguided surgery · Fluorescence-guided surgery · 
Image-guided surgery

Introduction

Technology is taking on the role as an ever-increasing ena-
bler in modern healthcare. As a result of increasing tech-
nological capabilities, new patient management strategies 
have emerged, not the least in the field of surgery. A major 
technical milestone in the field of surgery has been the 

uprise of minimally invasive keyhole or laparoscopic sur-
gery during the twentieth century. While initially received 
with great skepticism, this technology-enabled intervention 
has now proven its success in reducing surgical trauma for 
patients [1]. More recent developments have focused on 
robot-assisted laparoscopic surgery using telemanipulator 
systems. The main advantages that these robotic systems 
deliver as opposed to traditional laparoscopic surgery are 
more precise movements, extended maneuverability, and 
improved ergonomics.

The concept of using such robotic telemanipulators for 
surgical applications originates from the concept of telesur-
gery, whereby an expert surgeon could potentially provide 
immediate and high-level surgical care from a remote long-
distance location. This led to the first preclinical evaluation 
of prototype telesurgery systems in the 1990’s [2]. Several 
private industry parties have taken this concept further, 
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performing first in-human surgery in 1997 [3]. Since then, 
several new systems and system iterations have followed, 
shifting the focus more and more from the aspect of long-
distance surgery to delivering an intuitive robot-assisted 
laparoscopic surgery platform. As such, the first da Vinci 
system by Intuitive Inc. was cleared for a restricted number 
of surgical indications already in the year 2000 [4]. Gradu-
ally dominating the market of robot-assisted laparoscopic 
surgery since then, today the install base of these systems 
exceeds 7500 [5] and more than 10 million procedures 
have been performed so far [6]. Over the last years, com-
petition has been growing, with quite a few other telema-
nipulator-based robotic surgery systems that have recently 
become available on the clinical market, such as the Hugo 
(Medtronic Inc.), Versius (CMR Ltd.), Senhance (Asensus 
Surgical Inc.), Avatera (Avatera Medical GmbH.), Hinotori 
(Medicaroid corp.), and Revo-i (Meerecompany Inc.) [7].

As early adaptor, urology has become the leading surgical 
discipline when it comes to the pioneering of robot-assisted 
laparoscopic interventions. In fact, robotic prostate cancer 
surgery has been so successful that, in many countries, 
robotic approaches now set the standard [8]. Thus, maybe 
even rendering non-robotic surgery a peculiarity for this 
indication. On top of that, prostate-cancer-related lymphatic 
dissections (both primary and recurrent cancer), bladder 
interventions (e.g., cystectomy) ,and kidney interventions 
(e.g., partial nephrectomy) are frequently performed in the 
robotic surgery setting. The popularity of robotic surgery 
has over the years disseminated to other surgical disciplines, 
including gynecology, as well as thoracic surgery and gen-
eral surgery indications [9]. Remarkably, these laparoscopic 
robotic platforms are not confined to abdominal and thoracic 
interventions only, but are even used in some head and neck 
surgery indications [10].

Where the robot’s precise steerable instruments enhance 
the surgeon’s dexterity, they do not improve the surgical 
decision making. Image-guided surgery can play a crucial 
role in the improvement of the latter.Image-guided surgery 
can play a crucial role in the improvement of the latter, 
more specifically, by the intraoperative target definition via 
molecular characterization of, for example, cancerous tis-
sue. By integration of a Firefly fluorescence laparoscope 
within the da Vinci robotic platform, such intra-operative 
molecular guidance has become widely available. While 
clearly providing value with real-time and high-resolution 
visual guidance, severe attenuation of fluorescent light by 
tissue keeps this technique limited to superficial applica-
tions, allowing for target visualization up to roughly ~ 1 cm 
deep [11]. In addition, such fluorescence guidance is cur-
rently confined to the limited clinical availability of Firefly 
compatible tracers (fluorescence excitation around 800 nm, 
e.g., tracer ICG [12]). The need for in-depth image guidance 
and the extension of tracers that can be used, thus, creates a 

demand for complementary or alternative image-guidance 
methodologies. Radioguided surgery is one of the earliest 
and still most used methods of molecular image guidance 
[13]. This technique benefits from: (1) the ability to identify 
radiotracers located deep within tissue, and (2) a broad avail-
ability of clinically applied radiopharmaceuticals. Where 
the first is inherent to the use of gamma-rays (penetration 
depth > 10 cm [14]), the second is facilitated through dec-
ades of radiochemical research [13, 15]. When the transition 
of radioguidance from open to robotic surgery can be real-
ized, this can help provide a wealth of new opportunities.

In the last couple of years, we have seen dedicated radio-
guidance, as well as hybrid radio and fluorescence guidance, 
equipment arise in a pursuit of fully integrate image-guided 
surgery in the robotic era. Hereby, hardware adaptations are 
required that overcome restrictions in accessibility and that 
are compatible with steerable laparoscopic instruments that 
exert a high degree of freedom (DOF) in movement. In this 
review, we provide an overview of these developments, spe-
cifically focusing on the engineering aspects and providing 
the first clinical applications.

Limitations and potentials for integrating 
image guidance in robotic surgery

Today’s laparoscopic robotic surgery systems use a mas-
ter–slave principle. In such a setup, the surgeon sits behind 
a distant surgical console controlling the sterile-draped robot 
that is placed at the surgical bedside (see Fig. 1). This robot 
consists of multiple arms either joined on a single device 
that bends over the patient, or multiple single arm trollies 
that are placed around the bedside. One robotic arm holds 
the laparoscopic camera. The others (often three) operate 
multi-wristed laparoscopic steerable instruments, enabling 
surgical actions with high dexterity. Both the instruments 
and the laparoscopic camera are under full control by the 
surgeon sitting behind the surgical console (see Fig. 1). This 
allows for an ergonomic setup, where the surgeon can switch 
between the different instruments at hand, which are held in 
place even when the surgeon leaves the console. High-defi-
nition, zoomed-in, stereo camera images of the surgical field 
are visualized in either a closed 3D viewer that the surgeon 
looks into, or an open 3D screen viewed with accompany-
ing 3D glasses. As such, the surgical console acts as a true 
‘surgical cockpit’ from which the intervention is performed.

All instruments enter the patient using strategically 
placed instrument portals (also called trocars; see Fig. 1). 
Note that there is often one additional assistant port, not in 
use by the robot, through which the bedside assistant can 
support the operating surgeon in, e.g., tissue retrieval, tis-
sue fixation, and suction/irrigation of fluids. The internal 
size of these instrument portals determines the size of the 
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instruments and modalities that can be inserted in the abdo-
men, often requiring a typical diameter of 12 mm or smaller. 
Critically, image-guided surgery modalities can only access 
the surgical field when they are either part of the robot or 
when the bedside assistant introduces them through the 
assistant port. When the latter is needed, the surgeon has to 
verbally instruct the bedside assistant to insert and position, 
e.g., laparoscopes or laparoscopic gamma detectors. When 
inserted through the assistant trocar, the portal becomes 
a fixed rotation point in the patient, typically limiting the 
DOF from 6 to 4 DOFs when compared to open surgery 
(see Fig. 2). This limited maneuverability means that some 
anatomical locations can simply not be reached [16]. To 
partially compensate for the restrictions in maneuverability, 
laparoscopic modalities sometimes incorporate an angled 
detection window (e.g., a laparoscopic gamma probe with a 
45° or 90° detector window [17]).

When applying image-guided surgery modalities, the 
robotic setup, thus, comes with critical limitations, espe-
cially when the modalities are not integrated but rather 

introduced as a third-party device. On the other hand, great 
potential awaits when integration is pursued (see Table 1).

Engineering integrated image‑guidance 
modalities

Tethered radioguidance modalities

Handheld gamma detection probes are the staple of 
radioguided surgery, providing acoustical and numerical 
feedback upon detection of a radiopharmaceutical within 
the tissues encountered during surgery. The most used 
radioactive isotope within radioguided surgery is 99mTc. 
Given the problems experienced when applying traditional 
laparoscopic gamma probes during robotic surgery (i.e., 
restricted maneuverability and control), combined with 
the success of tethered ultrasounds probes [18], a teth-
ered DROP-IN gamma probe design was pursued [19]. 
Being a tethered design, these miniaturized detectors fully 

Fig. 1   Overview of typical surgical robot setup. The central vision 
cart connects both the robotic arms and the surgical console. From 
behind the surgical console, the surgeon has an HD 3D view inside 
the patient and operates the robotic instruments. The robotic arms 

guide the steerable and highly maneuverable robotic instruments 
inside the patient via 4 trocars (green zoom-in). One additional tro-
car is often placed for an assistant to support the surgeon during the 
procedure
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enter the abdomen, where they are grasped by the sur-
geon using the steerable robotic instruments, optimally 
benefitting from their rotational freedom (i.e., 6 DOF; see 
Fig. 2). This feature supports the identification of low-
tracer-uptake lesions in the vicinity of high-tracer-uptake 
background tissues, the so-called ‘seeing bird in front of 
the sun’ effect [19–22]. Compared to rigid laparoscopic 
gamma probes, the tethered design enhances the anatomi-
cal coverage, and thus detection, especially for those areas 
that are located on the same side of the patient as the assis-
tant trocar [16].

The rotational coverage of the DROP-IN designs is influ-
enced by the gripping ergonomics. As such, initial studies 
indicated that, when used with typical robotic instruments, 
a 0° grip provided an effective scan coverage around the 
instrument of 0–111°, a 45° grip provided coverage from 0 
to 140°, and a 180° grip provided coverage from 0 to 180° 
[19]. As a 45° gripping was rated most intuitive for probe 
pickup, this option provided the best balance between intui-
tive operation and effective scanning range available. Inde-
pendent of the grip version, the surgeon needs to either use 
two instruments to pickup the probe, or one instrument if 

Fig. 2   Developments in robotic radioguidance. What started with the 
traditional non-integrated laparoscopic gamma probe (left) [13] was 
followed-up with the DROP-IN gamma probe (middle), providing 
improved maneuverability and autonomous control for the surgeon 

[19, 23]. Preclinical efforts show that an even more miniaturized 
Click-On gamma probe (left) quantitatively improves surgical logis-
tics even further [24]

Table 1   Non-integrated vs integrated image-guided surgery modalities in robotic surgery

Limitations for non-integrated modalities Potentials for integrated modalities

Modalities cannot be applied by the surgeon him-/her-self Autonomous control by the surgeon him-/her-self
Complex interaction between surgical staff, as surgeon sits behind 

distant console
Logistically easier to use complementary image-guidance methodolo-

gies during single procedure
Reduction in freedom of movement when modalities enter the surgical 

field via the assistant trocar
Gain in maneuverability exploiting robotic steerable instrument design

Feedback of the guidance modalities has to be observed next to the 
surgical video feed

Possibility to integrate multiple data streams (e.g., counts, image and 
video) to optimally integrate feedback of the guidance modalities

Digital data output eases performance assessments
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the bedside assistant helps. To ensure a reproducible probe 
pickup (a feature that has importance for tracking and navi-
gation approaches; see chapter below), complex multi-axes 
CNC milling was used to produce a grip in the probe hous-
ing that perfectly matches the robotic instrument of choice 
(i.e., ProGrasp instrument) and repeatedly guides the instru-
ment to the exact same location (Fig. 3 top, bottom). Being 
compatible to common trocar sizes, the initial DROP-IN pro-
totypes had a 12 mm diameter, while one of the current CE-
marked systems has decreased this even further to 10 mm 
(Fig. 3 bottom). Since sterile draping may rip through use 

of surgical instruments, the probes are completely sterilized 
before surgical use (e.g., plasma sterilization).

To facilitate the detection of 99mTc-labeled tracers 
(140 keV), a Eurorad DROP-IN gamma probe was proto-
typed as early as 2014 [19]. Following technological evalu-
ation in phantoms, pigs, and ex vivo tissue samples, first 
in-human application with a re-sterilizable clinical prototype 
was reported in 2017 for the prostate cancer sentinel node 
procedure [16, 23]. These pioneering studies indicated that 
the DROP-IN gamma probe design: (1) is clinically feasible 
and safe; (2) integrates radioguided surgery in the robotic 

Fig. 3   DROP-IN gamma probe versions used in the clinic. Frist clinical prototype was a Eurorad DROP-IN (top) [23]. This was followed by the 
introduction of CE-marked probes by LightPoint (middle) [31] and Crystal Photonics (bottom) [29]
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setup, allowing the surgeon to apply the radioguidance him-/
her-self; (3) optimally uses the maneuverability of the steer-
able robotic instruments, providing improved anatomical 
coverage. As evaluated in these studies, this resulted in a 
superior detection rate of the DROP-IN with respect to the 
traditional laparoscopic gamma probe (100% vs 76%). Inter-
estingly, superiority was also shown with respect to fluores-
cence imaging detection (100% vs 91%). Subsequently, this 
prototype was implemented during PSMA-targeted salvage 
surgery in prostate cancer [25, 26], showing a sensitivity of 
86% and specificity of 100% when compared to diagnos-
tic PSMA-PET imaging [25]. Additionally, with evaluation 
in the primary prostate cancer setting, the DROP-IN even 
showed to find additional lesions not seen on diagnostic 
PSMA-PET imaging (11 additional lesions in 12 patients), 
and lymph node metastases ranging in sizes down to 0.1 mm 
[27]. Combined in and ex vivo measurements delivered a 
sensitivity of 76% and specificity of 96% when compared 
to pathology, where almost all missed lesions consisted 
of micrometastases smaller than 3 mm. Since then, the 
DROP-IN design has been picked up by other companies. 
As of 2019, this has resulted in CE-marked products made 
available by Crystal Photonics (sterilizable Drop-In Probe 
CXS-OP-DP) and LightPoint Medical (disposable Sensei 
Drop-In probe). These probes have clear design differences 
and material choices (see Fig. 3). The sterilizable Crys-
tal Photonics probe is based on a GAGG(Ce) scintillation 
crystal (resistant to high temperatures) and tungsten(alloy) 
collimation, housed in a 10 mm diameter probe. Based on 
their proven line of gamma probes, this detector is compat-
ible with 25–600 keV gamma-rays, including for example 
99mTc, 111In, 125I and 131I. It has demonstrated clinical util-
ity in cervix cancer and endometrial cancer sentinel node 
procedures [28], as well as PSMA-targeted prostate cancer 
surgery (i.e., primary [29] and salvage [30] settings). Similar 
to the studies with the Eurorad prototype, the DROP-IN indi-
cated superior detection (100%) over traditional laparoscopic 
gamma probes (93%) and fluorescence imaging (86%) in 
sentinel node studies, as well as comparable sensitivity and 
specificity in PSMA-targeted studies (67% and 100% in the 
primary setting, respectively). Interestingly, ongoing studies 
with this CE-marked product indicate that the design is also 
compatible with traditional laparoscopic instruments (Olym-
pus) and steerable LaproFlex instruments (DEAM B.V.)[28]. 
The disposable LightPoint probe is based on a more basic 
cesium iodide scintillation crystal, using tungsten (alloy) 
collimation and housed in a 12 mm diameter probe. This 
DROP-IN probe has been used for cervix [31] and prostate 
cancer [32, 33] SLN procedures, again indicating superior-
ity over the traditional laparoscopic gamma probe (100% vs 
89.5%, respectively).

While the DROP-IN probe has truly translated radiogu-
idance to the realm of robotic surgery, providing autonomy 

and improved detection with its high maneuverability, it 
does still interrupt the surgical workflow with the neces-
sity to ‘pick it up’ and ‘put it down’ whenever guidance is 
desired. To this end, it was shown with a next-generation 
Click-On gamma probe that further integration of the modal-
ity itself with the wristed robotic instruments quantitively 
improves surgical logistics [24], making radioguided surgery 
even more integrated with the robotic platform (see Fig. 2). 
However, these developments are currently still within the 
preclinical stage.

With the plurality of clinically approved radiopharmaceu-
ticals available within the world of nuclear medicine, there 
has always been interest in radioguidance applications next 
to those that use 99mTc. Low-to-mid-energy gamma-emitting 
isotopes (e.g., 99mTc, 111In, 123I, 125I, 131I) are successfully 
applied in the laparoscopic setting. The need for ‘heavy’ 
collimation makes it impossible to realize laparoscopic radi-
oguidance for high-energy gamma-emitting isotopes (e.g., 
18F and 68 Ga) to this date [13]. Modern beta probe designs, 
however, accommodate the detection of beta + particles 
(e.g., 18F and 68 Ga) or even beta- particles (e.g., 90Y) [34]. 
As these detector materials are mostly transparent for (high 
energy) gamma photons, they require little shielding and can 
be produced from disposable or sterilizable plastics [35], 
bringing miniaturization within its reach. Taking the original 
Eurorad design (see Fig. 3), this resulted in the generation 
of a prototype DROP-IN beta probe. Ex vivo evaluations on 
tissue specimens in 2019 indicated such a device is able to 
detect both primary tumor margins and lymph node metas-
tases using back-table analysis in primary prostate cancer 
using 68 Ga-PSMA [36]. To investigate the translation of 
these results to the in vivo setting, a clinical prototype was 
produced, which entered first in-human trials in 2022 for 
robotic prostate cancer surgery [37].

Integrating fluorescence laparoscopic video

Within the last decade, we are experiencing a revival in 
the use of fluorescence imaging for surgical applications, 
where dedicated camera systems make tissue structures 
‘light up’ upon the detection of a fluorophore substance. Of 
such fluorophores (also called fluorescent dyes), ICG is cur-
rently the most used. Where the first clinical report of ICG 
fluorescence imaging during robot-assisted surgery relied 
on an auxiliary ‘third party’ STORZ laparoscope that was 
handled by the bedside assistant through the assistant trocar 
[38], current da Vinci platforms facilitate fluorescence imag-
ing with full integration in the robotic laparoscopic camera 
using their Firefly camera system [39]. Where the da Vinci 
Si systems facilitated this in a more conventional setup (i.e., 
CCD camera located outside of the patient, coupled to a lap-
aroscopic rod-lens optic that enters the abdomen through a 
trocar), the X and Xi systems both use a miniaturized CMOS 
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chip-on-a-tip camera that fully enters the abdomen [12, 40]. 
Uniquely these robotic systems not only enable detection 
of the fluorescent dye ICG (820 nm), but with minor modi-
fication also support the detection of fluorescein (515 nm; 
[41]) and even Cy5 (660 nm; [42]). However, other compa-
nies are now also following, where for example, the Hugo 
robotic platform features a fully integrated KARL STORZ 
laparoscopic camera system, a company that has proven its 
worth for (laparoscopic) fluorescence guidance with vari-
ous fluorophores (e.g., ICG, fluorescein, Cy5, Methylene 
Blue, PpIX/5-ALA; [43]), and the Senhance robot claims 
to be an open platform, compatible with multiple laparo-
scopic fluorescence systems available on the market today. 
The possibility to image multiple fluorescent dyes with a 
single camera system opens the door to multispectral appli-
cations where multiple tracers visualize complementary tis-
sue structures/processes during surgery [43]. With technical 
feasibility still making up the majority of the multispectral 
fluorescence guidance efforts [12, 41, 44], this approach has 
yet to demonstrate patient value. Current studies within the 
realm of robotic surgery mainly focus on reducing patient 
complications by visualizing targeted and non-targeted lym-
phatics in two different colors (see Fig. 4) [45].

Where the bulk use of the fluorescent camera systems is 
currently used to facilitate ICG-based (lymph) angiography, 

the concept of bi-modal, dual modal, or hybrid tracers has 
connected this modality with radioguided surgery (see 
Fig. 4). Robotic sentinel node studies, performed with ICG-
99mTc-nanocolloid since 2009, have demonstrated that the 
integration of radio and fluorescence guidance provides a 
‘best of both worlds’ scenario [38]. Hereby, the in-depth 
detection capabilities of radioguided surgery are comple-
mented with real-time and high-resolution visualization of 
fluorescence imaging. Clinical evidence indicates this hybrid 
approach improves the detection of tumor positive lymph 
nodes, potentially lowering recurrence rates without com-
promising on patient safety [46, 47], as well as an improved 
positive predictive value and reduction of histopathology 
workload [48]. That said, it was also shown that relying 
on fluorescence guidance only in these procedures greatly 
reduced successful intra-operative target localization (i.e., 
missing lesions in about 50% of the patients), underlining 
that the combination with radioguidance is crucial to reach 
a 100% [49]. Following these extensive validations during 
robotic prostate SN procedures (N > 350; [46]), the hybrid 
concept was later also translated to robotic tumor-targeted 
procedures, with a proof-of-concept study in renal cancer 
(CAIX targeting with non-integrated fluorescence camera 
systems; [50]) and a case series in prostate cancer (PSMA 
targeting with integrated fluorescence camera systems; [51]).

Fig. 4   Hybrid radio and fluorescence guidance in robotic surgery. 
A–B SPECT/CT slide and volume render showing the surgical tar-
get (i.e., sentinel lymph node) within anatomical context to plan the 
surgical procedure. C–D DROP-IN gamma probe in-depth guidance 
and fluorescence visual guidance (in green) toward the surgical target 

[16]. E–F Multispectral fluorescence guidance using complementary 
dyes (blue and yellow/green) might be used to distinguish between 
different tissue structures (e.g., different lymph drainage patterns) 
[44, 45]
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Following the developments of the DROP-IN gamma 
probe and Click-On gamma probe, Click-On modalities 
have even been evaluated preclinically for fluorescence and 
hybrid (i.e., radio and fluorescence) detection. Uniquely, 
these concepts explore the possibility of highly maneuver-
able, miniaturized detectors that can provide continuous 
read-out on the presence of radio and/or fluorescence trac-
ers [52, 53].

Augmentation of the surgical experience

At the center of the robotic platform stands the surgical 
cockpit, the control area where the surgeon receives all 
feedback from the robot and takes the appropriate surgical 
actions. This makes it an ideal platform for integration of 
additional image-guided surgery data streams [54]. In its 

simplest form, this entails the display of data next to the sur-
gical video feed (i.e., a ‘split-screen’ visualization), such as 
DROP-IN gamma probe counts [25, 31], a video feed from 
a DROP-IN ultrasound [18] or non-integrated fluorescence 
camera [44] or a 2D/3D render of the pre-operative patient 
scans [55] using, for example, the da Vinci TilePro func-
tion (see Fig. 5). To optimally visualize these data streams 
with respect to the surgical anatomy that is observed by the 
surgeon, initial steps have been taken to move from a split-
screen visualization to an augmented reality (AR) visuali-
zation, where the data are directly positioned as an overlay 
on top of the surgical feed. In such a setting, the AR render 
often consists of a scan-based organ segmentation that is 
manually aligned with the organ of interest by a dedicated 
person in the OR (e.g., primary tumor visualization in kid-
ney and prostate cancer [56, 57]). Furthermore, using a tool 

Fig. 5   Augmentation of the surgical experience. A Multiple data 
streams can be visualized next to the surgical view in the surgical 
console, such as a virtual model of the renal tumor, the video feed 
of the DROP-IN ultrasound and a manual augmented reality overlay 
[56]. B Using a tool tracking method, it becomes possible to visualize 
the video feed of a DROP-IN ultrasound directly on top of the sur-

gical view [58]. C–E Using pre- or intra-operative SPECT scans to 
navigate a fluorescence camera with augmented reality toward the tar-
geted tissues during hybrid radioguided surgery [65]. F–H Navigation 
of a DROP-IN gamma probe toward tissue targets using a multispec-
tral tool tracking method [67]
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tracking method to determine the position and orientation 
(pose) of the instruments within the surgical view, even the 
video feed of a DROP-IN ultrasound could be directly inte-
grated within the surgical view, visualizing the ultrasound 
images as if they literally appear to come out of the DROP-
IN instrument (Fig. 5; [58]).

Integrating guidance data directly within the surgical 
video feed slowly moves us into the territory of surgical 
navigation, using ‘GPS’-like navigation to guide the sur-
geon within a map of the patient’s anatomy [59]. To accom-
plish this, three basic components are needed: (1) a map 
of the patient’s anatomy (often formed with either pre- or 
intra-operative imaging); (2) a tracking system that con-
tinuously determines the position and orientation (pose) of 
the patient’s anatomy within the operating room, as well as 
those of the navigated surgical instruments; (3) a computer 
system that uses this information to calculate and visual-
ize your current distance toward the surgical targets [60]. 
Within the field of radioguided surgery, various such sys-
tems have been proposed, clinically evaluated, and, in some 
cases, even commercialized; all directing the surgeon toward 
surgical targets defined on PET- or SPECT-based imaging 
using a stand-alone virtual reality (VR) visualization or 
an integrated AR visualization (e.g., sentinel lymph node 
procedures, radioguided occult lesions localization proce-
dures or tumor-targeted procedures in sarcoma, parathyroid, 
neuroendocrine, and prostate cancer [61]). While none of 
these have seen in-human application during robotic surgery 
yet, quite a collection has been applied during in-human 
laparoscopic surgery and preclinical robotic applications. 
Unfortunately, mostly due to soft-tissue deformations, incor-
rect registration of the patient maps can quickly deprive the 
navigation workflow of its accuracy [59]; a problem that is 
present in almost all laparoscopic applications. One method 
to compensate for such inaccuracies is the navigation of an 
intra-operative detection modality itself, allowing to correct 
the target location when it comes within the detection range 
of the modality (e.g., gamma probe [62] and fluorescence 
camera [63–65]; see Fig. 5). In the preclinical robotic set-
ting, navigation of radio- or fluorescence-guided modalities 
has shown great potential. Here, AR navigation of the robot-
integrated Firefly fluorescence camera might compensate its 
superficial nature by allowing for navigation toward deeper 
lying targets not immediately detectable with fluorescence 
[64]. Furthermore, tracking of the DROP-IN gamma probe 
might simplify the target localization process with AR cues 
on the probe viewing direction [66] or even AR navigation 
toward the location of preoperatively defined targets (see 
Fig. 5; [67]).

Another method to compensate for deformation-based 
inaccuracies could be the inclusion of an intra-operative 
patient scan (i.e., allowing for on update of the patient navi-
gation map). Using the tool tracking systems that are used 

for navigation, in combination with the read-out of an intra-
operative detection modality (e.g., gamma probe, beta probe 
or fluorescence probe) allows for the generation of a small 
field-of-view patient scan. Within radioguided surgery, this 
has led to the freehand SPECT imaging and navigation sys-
tems that allow for the generation of a novel intra-operative 
scan within 5 min [68]. Preclinically, steps are made toward 
different modalities (i.e., freehand beta [69, 70], freehand 
fluorescence [71], and freehand magnetic particle imaging 
[72]), but also the first robotic freehand scans using a pro-
totype DROP-IN gamma probe [73]. Although technically 
still challenging, this opens the way toward robotic intra-
abdominal 3D patient scans.

Future outlook

As we have seen with technological advances such as laparo-
scopic surgery and robotic surgery, full integration of robotic 
image-guided surgery only seems to be a matter of time. 
Radioguidance could play a paramount role in this with the 
unique (in-depth) detection possibilities and the plurality 
of tracers available. With the introduction of the DROP-IN 
gamma probe, again the field of urology has been at the 
forefront of the action, showing the successes of robotic 
radioguided surgery in both the sentinel node as well as 
tumor-targeted (i.e., PSMA-targeted) procedures. However, 
taking into consideration the vast number of radiotracers that 
have been used in radioguided clinical trials, it is likely that 
we have seen only the tip of the robotic radioguided surgery 
iceberg [13].

With the concept of DROP-IN detectors successfully 
introduced in ultrasound-guided procedures, as well as 
translated to radioguided surgery (both gamma and beta 
detection), it is likely that we will see an expansion to even 
more detection techniques, which could fulfill an alterna-
tive or complementary role (e.g., Raman spectrometry [74], 
mass spectrometry [75], and electrical bio-impedance [76]). 
Although technically challenging, quantified improvement 
in the surgical logistics using Click-On probe designs over 
DROP-IN designs [24] do suggest further miniaturization 
and integration will improve the robotic image-guided sur-
gery procedures even further. As seen with the Click-On 
gamma and fluorescence probes, such detectors can remain 
attached during the procedure while still allowing the surgi-
cal instruments to perform their grasping functions [24, 52], 
promoting more frequent use of the modalities. Furthermore, 
since the surgeon is already working from behind a console, 
surgical robots seem to be an ideal platform for full inte-
gration of the feedback as delivered by the image-guidance 
modality using mixed-reality visualizations (i.e., AR and 
VR), or even navigated workflows [54].
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Taking all this into account, the robotic platforms should 
soon support, not only great surgical dexterity, but great sur-
gical decision making as well. Making the robotic platforms 
increasingly intelligent in this way, perhaps first steps are 
even taken toward fully autonomous surgical systems.

Conclusion

Surgical robotic platforms are here to stay. Robotic radio-
guidance procedures provide specific challenges, but at the 
same time create a significant growth potential for the field 
of image-guided surgery and interventional nuclear medi-
cine. As such, first steps have been made toward the full 
integration of radioguidance and hybrid radio/fluorescence 
guidance, providing the operating surgeon with highly 
maneuverable sensing, augmented visualizations, and 
improved surgical abilities.
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