
The realization of medical devices for precision surgery: development and
implementation of 'stop-and-go' imaging technologies
Leeuwen, F.W.B. van; Buckle, T.; Rietbergen, D.D.D.; Oosterom, M.N. van

Citation
Leeuwen, F. W. B. van, Buckle, T., Rietbergen, D. D. D., & Oosterom, M. N. van. (2024). The
realization of medical devices for precision surgery: development and implementation of 'stop-and-
go' imaging technologies. Expert Review Of Medical Devices, 21(5), 349-358.
doi:10.1080/17434440.2024.2341102
 
Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4249148
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4249148


Expert Review of Medical Devices

ISSN: 1743-4440 (Print) 1745-2422 (Online) Journal homepage: www.tandfonline.com/journals/ierd20

The realization of medical devices for precision
surgery – development and implementation of
‘stop-and-go’ imaging technologies

Fijs W.B. van Leeuwen, Tessa Buckle, Daphne D.D. Rietbergen & Matthias N.
van Oosterom

To cite this article: Fijs W.B. van Leeuwen, Tessa Buckle, Daphne D.D. Rietbergen & Matthias N.
van Oosterom (2024) The realization of medical devices for precision surgery – development
and implementation of ‘stop-and-go’ imaging technologies, Expert Review of Medical Devices,
21:5, 349-358, DOI: 10.1080/17434440.2024.2341102

To link to this article:  https://doi.org/10.1080/17434440.2024.2341102

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 09 May 2024.

Submit your article to this journal 

Article views: 797

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ierd20

https://www.tandfonline.com/journals/ierd20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17434440.2024.2341102
https://doi.org/10.1080/17434440.2024.2341102
https://www.tandfonline.com/action/authorSubmission?journalCode=ierd20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=ierd20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17434440.2024.2341102?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17434440.2024.2341102?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/17434440.2024.2341102&domain=pdf&date_stamp=09%20May%202024
http://crossmark.crossref.org/dialog/?doi=10.1080/17434440.2024.2341102&domain=pdf&date_stamp=09%20May%202024
https://www.tandfonline.com/action/journalInformation?journalCode=ierd20


SPECIAL REPORT

The realization of medical devices for precision surgery – development and 
implementation of ‘stop-and-go’ imaging technologies
Fijs W.B. van Leeuwen a, Tessa Buckle a, Daphne D.D. Rietbergen a,b and Matthias N. van Oosterom a

aInterventional Molecular Imaging Laboratory, Department of Radiology, Leiden University Medical Center, Leiden, The Netherlands; bSection of 
Nuclear Medicine, Department of Radiology, Leiden University Medical Center, Leiden, The Netherlands

ABSTRACT
Introduction: Surgery and biomedical imaging encompass a big share of the medical-device market. 
The ever-mounting demand for precision surgery has driven the integration of these two into the field 
of image-guided surgery. A key-question herein is how imaging modalities can guide the surgical 
decision-making process. Through performance-based design, chemists, engineers, and doctors need to 
build a bridge between imaging technologies and surgical challenges.
Areas-covered: This perspective article highlights the complementary nature between the technolo
gical design of an image-guidance modality and the type of procedure performed. The specific roles of 
the involved professionals, imaging technologies, and surgical indications are addressed.
Expert-opinion: Molecular-image-guided surgery has the potential to advance pre-, intra- and post- 
operative tissue characterization. To achieve this, surgeons need the access to well-designed indication- 
specific chemical-agents and detection modalities. Hereby, some technologies stimulate exploration (‘go’), 
while others stimulate caution (‘stop’). However, failing to adequately address the indication-specific needs 
rises the risk of incorrect tool employment and sub-optimal surgical performance. Therefore, besides the 
availability of new technologies, market growth is highly dependent on the practical nature and impact on 
real-life clinical care. While urology currently takes the lead in the widespread implementation of image- 
guidance technologies, the topic is generic and its popularity spreads rapidly within surgical oncology.
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1. Introduction

In surgery, the pre- and intra-operative decisions made by the 
treating physician, complemented with the surgical dexterity, 
drive the success of the procedural execution [1]. As such, 
technologies that can facilitate the decision-making process 
promise to deliver improved surgical care. Guidance can be 
achieved by warning the surgeon when to halt, proceed with 
caution, or move forward with tissue manipulation and/or 
excision. From an industry perspective, the interest for such 
technologies has grown substantially over the years. In 2021, 
the global general surgery devices market was valued at 
14.75 billion [2] United-States dollar (USD) and that of medical 
imaging at USD 38.5 billion [3]. These developments jointly 
drive the rising popularity of the use of diagnostic biomedical 
devices in the operating room.

Ideally, biomedical imaging and the accompanying detection 
devices help provide surgeons with guidance in a traffic-light 
manner. This concept was previously introduced for surgical 
excision [4] and adheres to ‘green-flag’ and ‘red-flag’ guidance 
strategies mentioned in literature [5]. The different colored lights 
indicate different scenarios: The red-light (stop) indicates that 
target-margins have been compromised, requiring critical action 
and reevaluation of the remaining tissue. Orange-light (slow- 
down) indicates that the target is located nearby and should 
be approached with caution. Green-light (go) indicates that 

a clear and precise target delineation is provided, urging the 
surgeon to proceed with his/her actions. Herein the type and 
stage of disease, lesion size, and its anatomic localization and 
relation to the surrounding structures define the form of gui
dance that is most useful in a specific procedure. This is based on 
the reasoning that oncological outcome can be improved by the 
identification of primary tumor margins and the identification of 
locally confined (lymph node) metastases. In addition, tissue 
sparing strategies and identification of delicate anatomies may 
help reduce complications. As such, the technological design of 
a medical device for image guidance should reflect the type of 
procedure that is to be performed. Herein, features such as (in- 
depth) sensitivity, specificity, resolution, measurement time, and 
ergonomics (e.g. open vs. key-hole surgery), but also the avail
ability of targeted agents can be considered driving factors in 
technology development and/or selection.

The projected image-guided surgery market is estimated at 
USD 5.22 billion by 2027 [6], spanning roughly 1/3 of the 
surgical devices market [7]. To date, traditional intraoperative 
morphological imaging with radiological modalities, such as 
C-arm imaging and ultrasound, remains dominant. The most 
significant area of growth, however, is observed in molecular 
imaging. Physics dictates that there are substantial differences 
in the type of information that individual molecular imaging 
modalities can provide (Table 1). This further indicates that the 

CONTACT Matthias N. van Oosterom m.n.van_oosterom@lumc.nl Interventional Molecular Imaging Laboratory, Department of Radiology, Leiden 
University Medical Center, Albinusdreef 2, Leiden 2333 ZA, The Netherlands

EXPERT REVIEW OF MEDICAL DEVICES                                                                                                                         
2024, VOL. 21, NO. 5, 349–358
https://doi.org/10.1080/17434440.2024.2341102

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted 
Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0002-6844-4025
http://orcid.org/0000-0003-2980-6895
http://orcid.org/0000-0001-9873-6179
http://orcid.org/0000-0003-0306-2568
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/17434440.2024.2341102&domain=pdf&date_stamp=2024-05-29


individual modalities have different roles in the surgical deci
sion-making process.

Most commonly, molecular image-guided surgery com
prises radio- and optical-guidance techniques. Radioguidance 
can ‘visualize’ the location (and state) of a disease both prior 
to surgery, as well as during surgery, via the use of (portable) 
gamma cameras and gamma probes. Optical techniques are 
ideally suitable for superficial visualization of the state of 
disease during surgery, as well as at pathology [16].

To date, clinical implementation of intraoperative molecu
lar imaging (see Table 2) is dominated by long-known proce
dures that help ‘illuminate’ anatomical and physiological 
features [31]. Examples of approaches that take image gui
dance to the biomarker level (see Table 2) are based on, e.g. 
the visualization of metabolic function such as protoporphyrin 
IX (PpIX) [32] or tumor-receptor expression such as folate [33] 
and the prostate-specific membrane (PSMA) [34]. In these 
applications not only the physics of the imaging signatures 
but also the chemicals and their pharmacokinetic behavior 
dictate utility. In some cases, the availability of (approved) 
chemicals drives the selection of a device, e.g. indocyanine 
green and near-infrared fluorescence imaging [35]. In others, 
the practical value of a device may be directly related to the 
pharmacokinetics of the chemical used. In the latter sense, it 
was recently illustrated that the use of a surgical detection 
modality is directly related to the signal intensity and back
ground staining of specific chemical agents; sentinel node 
(indocyanine green-99mTc-nanocolloid) versus PSMA-targeted 
nodal dissections (99mTc-PSMA I&S) [36].

From a technology developers’ point of view, the key 
underlying questions for the selection and utility of technolo
gical enablers are: ‘What type of image guidance is required?’ 
and ‘At which stage of the procedure is guidance needed?” To 
some these questions may sound rather trivial, but in practice 
they are not. In fact, differences in surgical targets, anatomies, 
and surgical approaches (e.g. open, laparoscopic or robot- 
assisted laparoscopic [37]) all influence the utility of the 
image guidance technologies. With this special report article, 
we aim to critically address how typical intraoperative 

Article highlights

● Molecular imaging technologies, including tracer agents and detec
tion modalities, have the potential to establish precision surgery for 
various applications, which we classified in three ‘traffic-light’ cate
gories: red-light (stop), orange-light (caution), and green-light (go).

● Red-light technologies image the infringement of critical margins 
(e.g. tumor margins).

● Orange-light technologies warn the surgeon for the nearby presence 
of (diseased) tissue.

● Green-light technologies highlight boundaries and/or abnormalities 
of clearly defined organs with a sub-mm accuracy.

● An integration or combination of technologies that can access all 
these traffic-light stages during a surgical procedure best serves 
consecutive stages in the surgical procedure.

● Development of novel technologies for image-guided surgery not 
only demands insight in the tracer chemistry, tracer pharmacoki
netics, and imaging physics, it also demands expert knowledge of 
the specific aspect of the procedure wherein additional guidance is 
needed, as well as the procedural constraints.

Ta
bl

e 
1.

 T
yp

ic
al

 c
ha

ra
ct

er
is

tic
s 

of
 t

he
 m

os
t 

co
m

m
on

 m
ol

ec
ul

ar
 im

ag
in

g 
m

od
al

iti
es

 f
or

 s
ur

gi
ca

l g
ui

da
nc

e.

M
od

al
ity

Si
gn

at
ur

e
Ti

ss
ue

 
pe

ne
tr

at
io

n
Re

so
lu

tio
n

M
ea

su
re

m
en

t 
tim

e
Su

ita
bl

e 
fo

r 
no

ni
nv

as
iv

e 
pr

eo
pe

ra
tiv

e 
im

ag
in

g
Su

ita
bl

e 
fo

r 
in

tr
ao

pe
ra

tiv
e 

im
ag

in
g

Su
ita

bl
e 

fo
r 

ba
ck

- 
ta

bl
e 

im
ag

in
g

Su
ita

bl
e 

fo
r 

pa
th

ol
og

ic
al

 im
ag

in
g

G
am

m
a 

Ra
di

og
ui

da
nc

e 
[8

]
25

–3
00

 k
eV

 o
r 

51
1 

ke
V 

ga
m

m
a 

ra
ys

>
10

0 
m

m
2–

5 
m

m
-R

ea
l-t

im
e 

(t
ra

ci
ng

) 
−

10
-3

0s
 (

im
ag

in
g)

Ye
s 

(s
ci

nt
ig

ra
ph

y,
 S

PE
CT

 a
nd

 
PE

T)
Bo

th
 in

-d
ep

th
 a

nd
 

su
pe

rf
ic

ia
l d

et
ec

tio
n

ye
s

no

Be
ta

+
 R

ad
io

gu
id

an
ce

 [9
,1

0]
60

0–
20

00
 k

eV
 p

os
itr

on
s

<
3 

m
m

2–
5 

m
m

Re
al

-t
im

e 
(t

ra
ci

ng
)

Ye
s 

(P
ET

)
Su

pe
rf

ic
ia

l d
et

ec
tio

n
ye

s
no

Be
ta

+
 C

er
en

ko
v 

im
ag

in
g 

[1
1]

25
0–

13
00

 n
m

 (
M

ax
 in

 U
V 

(<
40

0 
nm

))
<

3 
m

m
1–

2 
m

m
>

5 
m

in
ut

es
 (

im
ag

in
g)

Ye
s 

(P
ET

)
Su

pe
rf

ic
ia

l d
et

ec
tio

n
ye

s
no

Fl
uo

re
sc

en
ce

 im
ag

in
g 

[1
2,

13
]

45
0–

90
0 

nm
<

10
 m

m
0.

02
–1

  
m

m
Re

al
-t

im
e 

(Im
ag

in
g)

N
o

Su
pe

rf
ic

ia
l d

et
ec

tio
n

ye
s

ye
s

M
ag

ne
tic

 p
ar

tic
le

 t
ra

ci
ng

 
[1

4,
15

]
20

–1
00

 e
m

u/
g 

(s
at

ur
at

io
n 

m
ag

ne
tiz

at
io

n)
<

20
 m

m
6 

m
m

Re
al

-t
im

e 
(t

ra
ci

ng
)

Ye
s 

(n
eg

at
iv

e 
co

nt
ra

st
 o

n 
M

RI
)

Su
pe

rf
ic

ia
l d

et
ec

tio
n

ye
s

ye
s

SP
EC

T/
CT

 =
 S

in
gl

e 
Ph

ot
on

 E
m

is
si

on
 C

om
pu

te
d 

To
m

og
ra

ph
y/

x-
ra

y 
Co

m
pu

te
d 

To
m

og
ra

ph
y,

 P
ET

/C
T 

=
 P

os
itr

on
 E

m
is

si
on

 T
om

og
ra

ph
y/

x-
ra

y 
Co

m
pu

te
d 

To
m

og
ra

ph
y,

 M
RI

 =
 M

ag
ne

tic
 R

es
on

an
ce

 Im
ag

in
g.

 

350 F. W. VAN LEEUWEN ET AL.



molecular imaging workflows and clinical challenges drive the 
demand for specific image guidance strategies (Figure 1). 
Hereby we also touch upon the role of the involved profes
sionals (e.g. chemists, engineers, and treating physicians) in 
the development and application of performance-based 
design of medical devices (e.g. tracers, cameras, and probes).

2. Red-light strategies (target margins have been 
compromised – stop)

The use of imaging to assess infringement of tumor margins, 
essentially indicates a ‘red-light’ technology. By that we mean 
the image-guidance approach has the sole intent to find out if 
the resection planes indicate that tumor-margins have been 
compromised. Use of this approach somewhat contradicts the 
common guideline-based necessity of 5–10 mm safety margins. 
In vivo investigation (stage 2, Figure 1) of resection planes is most 
common during receptor-targeted optical approaches. Hereby 
one should realize that optical signals, even those in the near 
infrared region, suffer from severe tissue induced signal attenua
tion. Making their identification highly superficial in nature 
(Table 1). That said, radioguidance approaches may also be 
used to inspect the tumor bed for residual disease. Here, how
ever, deeper lying signals may complicate superficial 

assessments. Margin infringement can also be defined outside 
of the patient (ex vivo; stage 3, Figure 1). This approach uses so- 
called ‘back table’ imaging devices to assess resected specimens 
(e.g. using Cerenkov or PET specimen analyzers; Figure 2) [40]. 
The outcome of which is then communicated with the surgeon 
for additional resection where needed.

Independent of the stage in the procedure, when margins are 
found to be positive, the resection turned out to be irradical (i.e. 
R1 or R2 resection). Meaning surgeons may need to conduct 
a second round of resection or adjuvant therapy for local control. 
While there is no doubt that a secondary resection aimed at 
residual tumor harvesting could be beneficial, compromising of 
the margins may mean there is already a chance of tumor 
spillage (in-transit disease). As complications may be related to 
the amount of tissue removed, re-excisions also increase the 
chance of complications, while increasing healthcare costs and 
possibly decreasing quality-of-life [41].

The limited tissue penetration of, for example, fluorescent, 
Cerenkov, and beta-particle signals theoretically offers the pos
sibility to minimize the safety margins to a millimeter range and 
could thus help minimize complications. Unfortunately, the pur
suit of safety-margin reduction is inherently linked to a high risk 
of performing irradical resections. Despite that the typical/theo
retical detection depths of optical signals are known (Table 1), 

Figure 1. Decision making stages in a typical intraoperative molecular imaging surgery workflow and how these relate to red- (stop), orange- (slow down and 
approach with caution), and green- (go) light image guidance.

Table 2. Most common surgical applications of molecular imaging, summarizing surgical targets, the anatomies and molecular targets.

Surgical targets Anatomies Molecular targets (under investigation)

Perfusion e.g., bowel anastomosis, ureters, lymphatics [17–20] e.g., ICG clearance, fluorescein clearance
Primary tumor margins e.g., prostate, lung, head-and-nek, colon [21–25] e.g. PSMA, Folate, VEGF, EGFR, C-Met, CEA, Somatostatin
Local metastatic disease spread to lymph nodes e.g., Breast, melanoma, penis, vulva, prostate [26–29] e.g., Sentinel nodes tracers, PSMA-receptors
(Local) metastatic disease spread e.g., Liver [30] e.g., Impaired ICG clearance

ICG = indocyanine green, PSMA = prostate specific membrane antigen, VEGF = vascular endothelial growth factor, EGFR = Epidermal growth factor receptors, 
C-Met = c-mesenchymal-epithelial transition, CEA = Carcinoembryonic antigen. 
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the actual depth of detection can be very unpredictable in vivo. 
Here, signal-attenuation and resolution-degration may vary 
depending on, e.g. tissue type, level of vascularization, and 
amount of signal accumulated in the tissue target [42]. The lack 
of effective signal identification may yield false negative results, 
which in turn result in recurrences. The inherent low signal- 
intensities of receptor-targeted indications [36] and its accom
panying low signal-to-background ratio (SBR), risk to impair the 
detection sensitivity. When using fluorescence, the lack of sensi
tivity is often compensated for by increasing the dosing of the 
tracer used, increasing the dosing to concentration regimes that 
are typical for drug-based therapy [43]. The downside of dose 
increases is that they reduce the target-specificity and may 
enhance the false positive rate [44]. The latter will lead to more, 
rather than less, invasive resections, and complications. It should 
hereby be noted that there is a biological limit to the number of 
receptors that are expressed per targeted cell-type, meaning that 
there is a limit to the amount of tracer that can selectively bind to 
the targeted lesion [45].

Devices and technologies that improve the detection sen
sitivity and in-depth sensitivity of, especially optical, methods 
are likely to help advance red-light approaches to a next level. 
Examples of the first are found in fluorescence camera systems 
that try to maximize sensitivity with improved detectors [46]. 
Examples of the latter are also found in devices that support 
life-time imaging [47], spectrally corrected fluorescence 
[48,49], short-wave infrared (SWIR) fluorescence [50], 
Cerenkov imaging [51] and optoacoustics [52]. While all 
these modalities support mm resolution macroscopic imaging, 

margin assessment could also be supported by microscopic 
imaging strategies (µm range) such as (fluorescence) confocal 
imaging [53], optical coherence tomography [54] and Raman 
scattering detection [55]. Improvements in radioguidance 
devices tend to be pursued in collimation [56] and/or enlar
ging the rotational freedom for intraoperative use [57].

3. Orange-light strategies (target nearby – proceed 
with caution)

We use the term orange-light for strategies that warn the 
surgeons for the presence of diseased tissue in a certain loca
tion but with a limited spatial accuracy (≥5–20 mm). This 
means that a surgeon can macroscopically assess the target 
location but cannot define its location down to the µm-mm 
level. Cornerstones for this type of image-guidance are 
defined by approaches that rely on preoperative (diagnostic) 
imaging, e.g. Positron Emission Tomography/X-ray Computed 
Tomography (PET/CT). Despite the ~3 mm resolution of PET/ 
CT, in the OR, tissue deformations only make such data indi
cative for the lesion location at the >10 mm scale. Thus, essen
tially limiting the value of these roadmaps at the surgical 
stage. Here, it should be noted that preoperative imaging 
can be used to assess both the sensitivity and specificity of 
a tracer prior to its use for surgical guidance (Table 1) [58]. This 
form of guidance affects surgical decision-making at the plan
ning level (stage 1, Figures 1 and 2). A successful example of 
an approach that uses this strategy is sentinel node biopsy. 
A procedure that relies on the identification of the first tumor 

Figure 2. Examples of molecular image guidance technologies at different stages of the procedure. Stage 1, showing PET imaging (top and middle) and SPECT 
imaging (bottom) for planning of the intervention; Stage 2, showing freehand SPECT navigation (top), DROP-IN gamma probe and gamma camera guidance 
(middle) and fluorescence flow analysis [38] and optical guidance, for in vivo guidance during the intervention; Stage 3, showing DROP-IN beta probe analysis (top) 
and PET specimen imager [39] (bottom), for ex vivo back-table analysis during the intervention. Non referenced images originate from authors personal collection. No 
changes have been made to the referenced images, which are licensed under CC by 4.0 (https://creativecommons.org/licenses/by/4.0/).
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draining lymph nodes via lymphoscintigraphy and Single- 
Photon Emission Computed Tomography/X-ray Computed 
Tomography (SPECT/CT) via positive contrast prior to being 
used by surgeons to guide nodal sampling [59]. Similarly, 
negative contrast at Magnetic Resonance Imaging (MRI) ima
ging is being used to guide magnetic nodal tracing [60,61]. In 
these indications, and also in receptor-targeted applications, 
non-visualizations, or vague imaging outcomes found at pre
operative imaging, all have a negative predictive value for the 
procedural success [36].

Intraoperative orange flag approaches mainly rely on ima
ging signatures that can effectively penetrate through tissue. 
This means that there is a preference for gamma-ray-based 
radioguidance, such as 140 keV 99mTc gamma-rays, to support 
the highly sensitive detection of targets that are located along 
the line of detection of a surgical detector. Uniquely, in this 
form of image-guidance, micro-dosing of tracers (<100 µg/ 
patient) can effectively facilitate sensitive lesion detection, 
while preserving a high specificity [62]. Given the experimental 
10-15 mm tissue penetration limits of far-red and near-infrared 
-1 (NIR-1) fluorescent emissions [63], this unique type of fluor
escence imaging may theoretically provide an indication that 
a deeper located lesion is being approached [4]. But to be fair, 
in practice, fluorescence-guidance only delivers on its promise 
when surgeons have fully exposed its source in tissue. Making 
it either a red- (see above) or green- (see below) light 
approach. For fluorescence technologies to become more 
valuable, enhanced in-depth detection is required. Here NIR- 
2/SWIR approaches may provide an outcome [50].

From the medical device perspective, refinement of 
orange-light guidance demands technologies that can con
nect or even integrate pre- and intraoperative imaging. 
Herein, the use of preoperative imaging data as roadmap 
paves the way for the surgical implementation of ‘gps-like’ 
navigation strategies for, e.g. gamma-probes and fluorescence 
cameras [64]. The inherent deformations that occur in soft- 
tissue surgery, demand the development of robust image-to- 
patient registration-solutions before this can be routinely 
applied. It also makes the value of navigation strategies 
dependent on their compatibility with confirmatory red-/ 
green-light strategies. The same is true for the implementation 
of augmented reality visualizations [65]. Alternatively, 
advances around intraoperative 3D imaging devices will likely 
help support the delineation and in-depth assessment of 
lesions located below the tissue surface. Relevant examples 
are freehand SPECT [66], robot-assisted SPECT [67], freehand 
fluorescence tomography [13], and freehand Magnetic Particle 
Imaging [14].

4. Green-light strategies (clear and precise target 
delineation – go)

Traditional intraoperative fluorescence image guidance 
approaches based on Indocyanine Green (ICG) and fluorescein 
rely on the accumulation of an imaging tracer in a well- 
defined anatomy, with known location (Table 2). With that, 
the sole function of the image guidance strategy is to high
light boundaries and/or abnormalities therein with a 
<mm accuracy. This type of (green-light) guidance results in 

a directional approach that facilitates surgeons to proceed 
with the procedure (stage 2; Figure 1). Well known examples 
are: 1) angiography (cardiac perfusion, brain perfusion, tissue 
transplantation, partial nephrectomy, anastomosis, parathyr
oid glands) [68], 2) cholangiography [69], 3) ureter staining 
[70], and 4) lymphangiography [71]. All approaches that use 
well-documented tracer pharmacokinetics to illuminate 
a target- or healthy-tissue. As such, these approaches suffer 
less from false positives, e.g. in case of overdosing. That said, 
ICG has been shown to cause oversampling of lymph nodes 
(false positives) when this lymphangiographic agent is being 
misused for sentinel node applications [72]. Again, indications 
of how pharmacokinetics and dosing can impair the accuracy 
of an approach.

In green-light applications, anatomies are in direct line-of- 
sight of the surgeon. As such tissue-induced signal attenua
tion is minimal. Therefore, this application matches best with 
the high-spatial resolution and intuitive visual guidance pro
vided by fluorescence imaging (Table 1). One should, however, 
remain aware that fluorescence guidance is not extendable to 
targets hidden underneath the surface or at unknown loca
tions (see above). When used for such indications, fluores
cence guidance therefore remains prone to induce false 
negative results [43,73]. Perhaps even worse is that active 
searching for a fluorescent signal could instigate non- 
directional tissue exploration and manipulation, which may 
in turn induce complications.

Where the current generation of fluorescence cameras 
seems to already provide sufficient quality for routine use 
with ICG (NIR settings) and Fluorescein (photodynamic diag
noses (PDD) settings), further improvements in resolution and, 
in particular sensitivity, will add to their utility, especially con
sidering the above-mentioned intrinsic low-signal intensities 
encountered during receptor-targeted imaging. As illustration 
of further possible improvements: microscopes for neurovas
cular surgery provide a clear indication for the precision levels 
that can be achieved [74], hereby image processing at the 
camera/vision tower level is used to provide an indication for 
blood flow. Alternative technical advances of camera systems 
seem to lie in the expansion of the effective spectral window, 
including the facilitation of multispectral imaging [75]. The 
latter being a concept that helps identify differently ‘colored’ 
targets and anatomies simultaneously.

5. Integration of approaches

From a practical perspective, red-, orange-, and green-light 
read-outs all contribute differently to the procedure. With 
each individual readout providing a unique and valuable 
input. At the same time all the individual approaches suffer 
from intrinsic limitations. Hence, the best way to generate 
solutions for real-life surgical scenarios is to pursue strategies 
that combine or even integrate detection technologies. This 
strategy helps provide a best-of-different-worlds image gui
dance scenario. Hereby, noninvasive pre-operative imaging 
seems imperative for accurate patient selection prior to pursuit 
of intraoperative guidance (stage 1). The latter can be in the 
form of red-, orange-, and/or green-light guidance (stage 2). 
Subsequently, the accuracy of the procedure can be validated 
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via post-surgical specimen analysis (stage 3; Figure 1 and 2). 
The complementarity in read-out also suggests engineering 
efforts need to be geared more toward concepts that integrate, 
e.g. radio-, optical- and/or magnetic-guidance. While hybrid or 
bi-modal tracers are already clinically available and are becom
ing increasingly popular, the availability of matching surgical 
devices seems to be still trailing behind [8,16,76]. However, 
examples of such surgical devices are found in hybrid radio-/ 
optical-detection probes [77–80], hybrid radio-/optical-cameras 
[56,81,82], hybrid radio-/ultrasonic-cameras [83,84] and hybrid 
radio-/optical-tomography [13].

6. Performance-based design of medical devices

Failure to connect technical possibilities with real-life chal
lenges that need to be overcome, for example, the need for 
a specific type of guidance, may cause a disconcordance 
between the medical devices created and the clinical needs. 
If this happens, for example, when a superficial optical ima
ging technique is used to target small lesions hidden deep in 
human tissue, widespread adoption will be limited and the 
risk of late translational failure will be increased. To ensure 
actual performance enhancement, we need to maintain cau
tion not to have the technological design drive the clinical 
use, but rather focus on providing enabling technologies.

Currently, a large proportion of the developments in the 
field of image-guided surgery are driven by subjective (expert) 
opinions. While this approach can be very effective, the grow
ing complexity of this multidisciplinary field makes it very 
difficult to assess whose opinion is needed to drive the field 
forward. For example, you could consider surgeons experts, 
and some companies have the policy to only pursue 
a technology when a certain number of surgeons express an 
interest in a technology. This view is, however, limited by the 
fact that surgeons tend to specialize in a specific clinical 
indication and procedure therein, e.g. open nephrectomy ver
sus robot-assisted nephrectomy. Also, few surgeons are 
experts in chemistry, imaging, and/or engineering. Another 
group of potential experts are the imaging professionals 
(nuclear medicine physicians, radiologists, and pathologists). 
A group that has been specifically trained in the use of 
advanced imaging technologies in clinical care. 
Unfortunately, this group nowadays tends to have 
a relatively low affinity for surgery, chemistry, and/or engineer
ing. Technology oriented chemists and engineers may be able 
to generate innovative tracers and imaging devices, but in 
turn tend to have little feeling for the practical constrains 
encountered during imaging in a surgical theater. Based on 
the above suggestion to combine the added benefit of differ
ent technologies, the most logical path toward establishing 
experts in device development is to form multidisciplinary 
teams that are inclusive for experts on different topics.

In addition to forming multidisciplinary expert-teams, there 
also is a need for more objective benchmarking of the impact 
that is provided by such developed technologies. Obviously, in 
surgery, this demands evidence in the form of pathological find
ings, complications, and long-term outcome measures. But given 
that image guidance is all about improving the surgical decision- 
making process, there seems to be an opportunity for 

technologies that can quantify surgical performance gains. 
Examples herein are found in the ‘novice versus expert’ analysis 
conducted for robotic surgery [85] or recording of instrument 
kinematics and/or operating room logistics during image-guided 
surgery [36].

7. Conclusions

Development of technologies that do justice to the complexity 
of (oncological) surgery, with the aim to perform minimal inva
sive surgery, is a challenging task. This is intensified by the fact 
that guidance needs to be provided during often hour-long 
procedures. Moreover, guidance around and toward different 
targets is required and needs to be applied in different forms 
(stop, warning, or go). Hence, development of technologies for 
image-guided surgery not only demands insight in the tracer 
chemistry, tracer pharmacokinetics, and imaging physics (pros 
and cons of different modalities), it also demands expert knowl
edge of the specific aspect of the procedure wherein additional 
guidance is needed, as well as the procedural constraints (e.g. 
accessibility). When these aspects are covered, the medical 
devices have to be able to: 1) identify compromised tumor 
margins (red-light; example: receptor-targeted fluorescence 
guided surgery), 2) give a directional indication for possible 
lesion locations (orange light; example: PSMA-targeted radio
guided surgery), and/or 3) visualize the contours of the healthy 
target tissue (green-light; example: fluorescence angiography). 
Pursuit of such image-guidance technologies generally relies on 
the use of complementary procedures. Hybrid strategies, as 
those that are increasingly being used for sentinel node 
approaches, seem to provide a logical means to integrate 
different imaging aspects that are relevant for the surgical 
setting. This creates opportunities for unique new system engi
neering possibilities in the form of hybrid devices or develop
ment of devices that complement each other during a surgical 
procedure (e.g. a preoperative SPECT/CT roadmap and the 
intraoperative robotic use of fluorescence and ‘drop-in’ radio
guidance). Key to the translational success of future devices is 
their ability to enable crucial clinical tasks and the availability of 
objective performance metrics that can be used to assess to 
what extend the device impacts surgical care.

8. Expert opinion

Given the complexity, that is to say, different objectives, dif
ferent anatomies, and approaches pursued surgically, it is to 
be expected that different surgical procedures demand differ
ent types of molecular image-guidance. A mismatch herein 
can hinder, or delay, routine clinical use. Our intent is to help 
researchers/engineers in the (molecular) image-guided sur
gery field to connect their technologies to specific surgical 
demands. We try to do this by deepening their understanding 
of the questions: ‘What type of image guidance is required?’ 
and ‘At which stage of the procedure is guidance needed?.’

Mistakenly introducing an image-guidance technology that 
does not match the clinical use case brings a great risk of failure 
and limits widespread adoption. Given the variations of guidance 
required in the field of oncologic surgery, this makes for a critical 
aspect. For example, in some cases, the image guidance may be 
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used to stimulate a surgeon to proceed in the pursuit of a target, 
while in others it may indicate that the surgeon should halt his/ 
her pursuit as there is a risk of tumor spillage or damage to 
healthy tissues. To classify image guidance, we have suggested 
a three-way classification, based on the three-color traffic-light 
principle: red-light (stop), orange-light (caution), and green-light 
(go). Hereby, classification of an approach in one of these three 
categories is guided by the physics-based constraints of the 
underlying detection principles, but also on the tracer availability 
and their pharmacokinetic behavior. As all three categories pro
vide unique strengths and weaknesses, it is likely that 
a combination of technologies that facilitate all three categories – 
similar to an actual traffic light – best serves consecutive stages in 
the surgical procedure. This is why we expect to see an increase 
in the use of hybrid (also called bi-modal or multi-modal) mod
alities, both from a chemical and an engineering perspective.

To provide impact in patient care, all the image-guidance 
technologies ‘stand’ or ‘fall’ by their compatibility with clini
cally approved imaging agents. Even if there is a great clinical 
need and a technology has great potential, when the appro
priate tracer is missing, it can simply not be used to guide the 
surgeons. This is also true the other way around, but, in 
particular for the sub-discipline of receptor-targeted applica
tions, the demand for tumor-targeted tracers is high. At the 
moment PSMA-targeting with radioactive tracers is one of the 
few receptor-targeted image-guidance approaches that is 
being used in large patient numbers (>500) [62], while other 
receptor targets are explored at a smaller scale (e.g. folate, 
vascular endothelial growth factor (VEGF), epidermal growth 
factor receptors (EGFR), c-mesenchymal-epithelial transition 
(C-Met), carcinoembryonic antigen (CEA), C-X-C chemokine 
receptor type 4 (CXCR4), human epidermal growth factor 
receptor 2 (HER2)) [22,86]. Interestingly, these procedures are 
enabled by detection technologies that were originally devel
oped for different clinical indications, such as the sentinel 
node procedure. This indicates that procedural refinements 
and engineering advances can help to rapidly drive the imple
mentation of new imaging tracers (once approved for clinical 
use) and new image-guidance indications.

When technologies are implemented correctly, the authors 
believe the field holds tremendous potential to advance 
intraoperative tissue characterization. In fact, image-guided 
surgery technologies are likely to radically change oncological 
surgical care by supporting precision surgery. With the avail
ability of PSMA-targeting, a widely validated oncological tar
get, we believe the field of urology will remain in the lead in 
the coming few years. This may, however, change rapidly 
when more tracers become available for other validated mole
cular targets and other surgical indications. Efforts that may 
well be sped-up by the availability of tumor-type independent 
targets, such as the fibroblast antigen-protein (FAP); nuclear 
medicine has shown it to provide a valid diagnostic target for  
>27 different cancer types [87].
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