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Abstract

Background The current expansion of image-guided surgery is closely related to the role played by radio-guided surgery in
supporting the sentinel node (SN) procedure during more than three decades. The so-called triple approach (lymphoscintig-
raphy, gamma probe detection and blue dye) was not only essential in the seminal validation of the SN procedure but also a
first collective learning effort based on skill transfer and outcome-related evaluation which laid the fundaments to delineate
the field of intraoperative molecular imaging (IMI) based on a similar multimodality approach and multidisciplinary practice.
Methods These elements are also becoming valid in the current incorporation of SPECT/CT and PET/CT to existing and
new protocols of IMI procedures and SN mapping concerning other clinical applications. On the other hand, there is a grow-
ing tendency to combine novel modern technologies in an allied role with gamma guidance in the operating room following
the development of hybrid tracers and multimodal detection approaches. Against this background, learning initiatives are
required for professionals working in this area.

Results This objective has led to a group of European practitioners with large experience in SN mapping and IMI applica-
tions to give shape to a programme made up out of specific learning modules aimed to be used as a conductive thread in
peripherical or centralised training instances concerning the topic.

Conclusion The presented work, written as a tutorial review, is placed in an available prior-art context and is primarily aimed
at medical and paramedical practitioners as well as at hardware and software developers.

Keywords Image-guided surgery - Sentinel node mapping - Intraoperative molecular imaging - Learning programme -
Multimodality approach - Multidisciplinary practice

Introduction
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concerns multiple clinical applications and involves numer-
ous modalities. Regarding nuclear medicine, the IMI devel-
opment is narrowly related to the role played by radio-guided
surgery in the validation and expansion of the sentinel node
(SN) procedure in the past three decades. During this process,
nuclear medicine has been part of a multimodal approach
and a multidisciplinary practice. For instance, the seminal
publications concerning SN biopsy in the last decade of the
past century accentuated the need of a practice based on the
triple approach (lymphoscintigraphy, gamma probe detection
and blue dye) and sustained by specific medical disciplines
(nuclear medicine, surgery, pathology). To homogenise SN
practice, protocols for application in melanoma and breast
cancer were elaborated and a learning period including thirty
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procedures for the involving clinical specialties was recom-
mended and followed in most centres practising SN biopsy
[1]. Skill-based aspects were stimulated through knowledge
transfer initiatives (basic and advanced courses, supervised
clinical stages, hands on workshops etc.) and outcome-based
evaluation was recommended not only on the basis of SN
identification rates to assess methodologic effectiveness, but
also by assessment of false negative rates or eventually recur-
rence rates to measure reliability of the respective clinical
series [2]. The evaluation of this successful validation pro-
cess was performed in 2016 by a historical meta-analysis; it
showed high SN identification rates together with low false
negative rates for 154 studies including more than forty-four
thousand patients in the period 1992-2012 [3]. Subsequently,
the field of clinical applications of the SN procedure was
extended to other malignancies such as penile cancer and
vulvar cancer, and in this century oral cavity cancer, gynae-
cological malignancies (cervix, endometrial, ovary), urologi-
cal cancers (prostate, bladder), gastrointestinal malignancies
(stomach, colorectal) and others following similar models
of quality assessment. The complexity of the procedure for
many of these applications required the participation of new
medical disciplines and a more sophisticated approach inte-
grating modern imaging modalities able to combine func-
tional and morphological aspects in the SN localisation.
Here, the role of SPECT/CT has been essential becoming
mandatory for clinical malignancies with complex lymphatic
drainage. At the same time, due to higher requirements in
the operating room, there was a growing tendence to incor-
porate novel modern technologies (more complex portable
devices for gamma detection, fluorescence, navigation sys-
tems etc.) to complement gamma guidance in standard and
robot-assisted surgical procedures. This process of expansion
and evolution of the SN approach has been illustrated by the
universal evaluation of the procedure which showed a signifi-
cant increase in the number of publications on the National
Library of Medicine website related to SN applications from
17 in 1992 to 15,618 in 2019 [4].

Based on the increasing clinical application of the SN
procedure, various international scientific associations like
the European Association of Nuclear Medicine (EANM),
the Society of Nuclear Medicine and Molecular Imaging
(SNMMI), the Asociacién Latinoamericana de Sociedades
de Biologia y Medicina Nuclear (ALASBIMN) and national
societies prepared guidelines and recommendations to
implement training and homogenise practice not only for
the SN procedure but also for the ever growing field of IMI
applications in different malignancies [5-9].

Moreover, in other organisations like the International
Atomic Energy Agency (IAEA) efforts were made for
knowledge transfer encompassing all radio-guided proce-
dures in a wide concept known as GOSTT (Guided Intra-
Operative Scintigraphic Tumour Targeting), which included
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not only SN applications but also other radio-tagged appli-
cations beyond the SN procedure [10, 11]. This was a first
major integrative attempt concerning learning of image
radio-guided procedures for countries outside Europe and
many of the aspects integrated in GOSTT at that time are
valid today to set-up a training programme in SN mapping
and IMI applications.

Due to the current expansion of IMI applications as well
as the rapid emergence of novel technologies, both learning
and quality related aspects are required for future profession-
als working in this area. This objective has led to a group of
European practitioners with large experience in SN mapping
and IMI procedures to give shaping to a programme made up
of specific modules aimed to be used as a conductive thread
in peripherical and centralised training instances concerning
the topic. The presented work is placed in an available prior-
art context and is primarily aimed for medical and paramedi-
cal practitioners as well as developers.

This overview will be divided in eleven modules varying
from clinical indications to how to set-up a training pro-
gramme for SN mapping and IMI applications (Fig. 1). For
every module, two knowledge levels will be distinguished:

a. Procedural knowledge which is defined as the “know
how to do it” and is related to all applications in which
SN and IMI technology play an important role. To
evaluate this aspect for all novel IMI applications, it is
possible to take the SN learning model based on both
skill-related aspects and outcome-based evaluation as
discussed previously in this introduction. Of course,
skilled people cannot dominate all disciplines, but they
can be trained in all of them (if available) in order to
know, not only how to use, but also, how to indicate
them in every clinical case. On the other hand, this is a
pluridisciplinary effort.

b. Content knowledge which refers to the scientific basis
involved in the SN and IMI applications (theories, prin-
ciples etc.).

Because of didactic reasons, SN and IMI work will be
repeatedly related in this review to the route of tracer admin-
istration to depict a target or index lesion. This may be based
on local or systemic injections following three principal
approaches: local radiocolloid administration as applied for
SN biopsy, intralesional injection of a radiocolloid with-
out migration or implantation of a radioactive seed in use
for malignant lesion resection, and systemic administration
of a tumour-seeking tracer for radio-tagged tumour resec-
tion. Since today, the majority of clinical IMI applications
are related to local tracer administration, in this overview,
emphasis is given to regional dissemination and conse-
quently to N staging in the TNM classification. However,
M staging is discussed in the light of the increasing role
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Fig. 1 Multidisciplinary J—
approach on the left and pro- .
posed multimodular learning on
the right. Both aspects are con-
sidered as key elements of how
to set-up a training programme
in molecular imaging-guided
surgery

MULTIDISCIPLINARY APPROACH

played by the use of systemic tracers for detection of distant
metastases and the potential role of IMI for image-guided
resection in the future. Finally, it is important to emphasise
that the learning programme for SN and IMI proposed in
this review is based on a multidisciplinary approach and a
multimodular model (Fig. 1). For every discussed module,
recommended key publications are indicated. The first ten
modules refer to basic background information topics to
be incorporated in teaching programmes whereas the last
module addresses the possible organisational aspects to be
delineated in their implementation.

Clinical indications

For this topic, and in the framework of the objectives of
this review, we have consulted the most recent guidelines
elaborated by international oncological and nuclear medi-
cine societies as well as publications generated by field
experts. Indications for IMI are directly related to the clini-
cal problems to be solved. For SN applications, indications
are oriented to detect metastases in early stages of cancer.
For malignant lesion resection, for instance, in the context of
oligometastatic cancer, clinical indication refers to advanced
disease stages with as objective salvage surgery or radio-
therapy intervention.

Regarding to SN biopsy, most clinical indications have
been discussed and agreed on by several oncologic and
nuclear medicine scientific associations or in consensus

1 Clinical indications

2 Dissemination routes and
TNM classification

3 Radiotracers for local and
systemic use

4 Preoperative imaging (planar
imaging, SPECT/CT, PET/CT) and
interpretation criteria

5 Standard gamma detection devices
and criteria for intraoperative use

6 Optical imaging as expansion
of nuclear medicine

7 Hybrid signatures & multiplexing
modalities

8 Innovative devices
9 Guidelines and protocols

10 Alternative technologies and
modalities

11 Setting-up a training
programme for RGS & MIGS: how
to teach? How to learn?

MULTIMODULAR LEARNING

expert meetings. In the following paragraphs, clinical indica-
tions for the malignancies with SN biopsy playing a promi-
nent role are summarised.

1. Melanoma: Initially indicated for lesions with intermedi-
ate thickness (T2 or T3; Breslow thickness of > 1-4 mm)
in the most recent practice guideline update of the
American Society of Clinical Oncology (ASCO) and
Society of Surgical Oncology (SSO) SN biopsy may
also be considered for thin melanomas that are T1b
(0.8—1-mm Breslow thickness or < 0.8 mm with ulcera-
tion). The procedure may be recommended for thick
melanomas (T4; Breslow thickness of >4 mm), after
discussion with the patient of the potential benefits and
risk of harms [12]. The guidelines elaborated by the
European Association of Dermato-Oncology (EADO)
and the European Organization for Research and Treat-
ment of Cancer (EORTC) match the American recom-
mendations with the additional precision that SN biopsy
is generally recommended in patients with tumour thick-
ness > 1 mm or > 0.8 mm with additional histological
risk factors (ulceration, > 1 mitosis/mm?, microsatellites
etc.) [13].

2. Breast cancer: SN biopsy is indicated in early-stage (cT1
or cT2 tumours) without cytological or histological evi-
dence of axillary lymph node metastases. Furthermore,
the ASCO advices to offer SN biopsy to patients who
have operable breast cancer under the following strength
of recommendation [14]: multicentric tumours (recom-
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mendation: moderate), ductal carcinoma in situ (DCIS)
when mastectomy will be performed (recommendation:
weak), prior breast and/or axillary surgery (recommen-
dation: strong), and preoperative neoadjuvant systemic
therapy (recommendation: moderate). These categories
were still considered as subject of discussion in the
earlier published practice guidelines of the EANM and
SNMMI [7]. Furthermore, SN biopsy is recommended
for elderly and obese patients as well as for male breast
cancer patients.

3. Oral cavity cancer (OCC): SN biopsy is generally
recommended for T1 or T2 squamous cell carcinoma.
Recent surgical consensus guidelines recommend that
the principal selection criteria for SN biopsy are that
the tumour can be reliably resected with adequate mar-
gins and the defect repaired locally without requiring
access to the neck. This may allow the patient to avoid
adjuvant therapy to the primary site [15]. Eligibility for
SN biopsy consists of patients with biopsy-proven OCC
with clinically and radiologically established cNO-neck.

4. Gynaecological cancer: The common indications for SN
biopsy are for early cervical cancer those carcinomas
with > 5-mm depth of stromal invasion and <2 cm in
greatest dimension (T1bl1), carcinoma>2 cm and <4 cm
in greatest dimension (T1b2) and those with involve-
ment limited to the upper two-thirds of the vagina with-
out parametrial invasion and <4 cm in greatest dimen-
sion (T2al) [16]. In endometrial cancer, SN biopsy can
be considered for staging purposes in patients with low-
risk/intermediate-risk disease. It can be omitted in cases
without myometrial invasion. On the other hand, surgi-
cal lymph node staging should be performed in patients
with high—intermediate-risk/high-risk disease. SN
biopsy is an acceptable alternative to systematic lym-
phadenectomy for lymph node staging in stage I/II [17].
The SLN procedure is recommended in patients with
unifocal squamous cell vulvar cancers of <4 cm,>Tla,
without suspicious inguinofemoral nodes [18].

5. Urogenital cancer: In penile cancer, patients with high-
risk (>pT1b) tumours with cNO groins are eligible for
SN biopsy according to the EAU (European Association
of Urology)-ASCO guidelines [19]. In prostate cancer,
SN biopsy could be performed in intermediate- and high-
risk patients if the estimated risk of lymph node metasta-
ses exceeds 5% with EAU guidelines or 2% with NCCN
(National Comprehensive Cancer Network) guideline
nomograms and PSMA PET/CT or any other conven-
tional imaging modality without evidence of metastases.

Different from SN biopsy which is indicated in early can-
cer without evidence for regional metastases, in advanced
cancer, IMI procedures have traditionally been indicated
for resection of isolated malignant lesions in patients with
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suspected biochemical recurrence. This resection may be
performed not only using intralesional radioactive tracer
administration or seed implantation but also by systemic
administration of tumour-seeking radiopharmaceuticals.
Currently, in the context of oligometastatic disease, locali-
sation diagnosis in patients with biochemical recurrence is
predominantly based on imaging with an emerging impor-
tant role for PET/CT following systemic tracer injection
[20]. The most recent example is the use of PSMA ligands
to guide metastases-directed interventional therapy in oli-
gometastatic recurrent prostate cancer taking absolute PSA
values and localisation of PSMA PET/CT-positive lesions
as eligibility criteria [21]. However, although there is agree-
ment to consider oligometastatic disease as an intermediary
state between localised disease and widespread metastases,
some discordance is rising about the number of metastases
with indication for IMI guided resection. Also important is
the characterisation of the disease recognising the categories
de novo and repeat for oligometastases [20].

Dissemination routes and TNM classification

Knowledge about this issue is essential to understand the
possibilities of SN mapping and IMI guidance and in this
context, the model presented by Nathanson et al. [22] is
recommended as a basic text to learn the mechanisms of
metastasis through the lympho-vascular system. Although
originally related to breast cancer, this model may be useful
to understand the routes by which tumour cells gain access
to blood and lymphatic capillaries. Recent evidence appears
to indicate that tumour cells could enter the systemic circula-
tion through the SN, which contradicts in a certain sense the
current paradigm that access is only gained through blood
vessels into and around the tumour. In this respect, the routes
of lymphatic drainage from the site of primary tumours and
the further dissemination in relation to the current TNM
classification acquire relevance as study material and lym-
phoscintigraphy appear as mandatory in the majority of indi-
cations [23-25]. In the following paragraphs, we summarise
the routes for the malignancies for which current clinical
applications of SN mapping and IMI procedures play an
important role:

1. Melanoma: Depending on the skin localisation of the
primary lesion, the habitual drainage routes may con-
cern the lymph node stations of the groins, axillae and
neck. Less common routes are the epitrochlear/epicon-
dyleal for melanomas of hands/forearms and the pop-
liteal for those of foot/leg. For melanomas of the trunk
besides groin or axilla, drainage to lymph nodes of the
triangular intermuscular space on the back, bicipital sul-
cus and subcutaneously in the flank or adjacent to the
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areola may occur. For head melanomas, frequent routes
are the periauricular, parotid, submandibular and cer-
vical. For a more detailed overview of the lymphatic
routes of melanomas, the computer model of skin drain-
age configurated by Reynolds et al. [26] on the basis
of lymphoscintigraphies in more than five thousand
patients is recommended. With respect to the current
TNM staging [24], N1/N2/N3 refers not only to regional
dissemination on the basis of the number of involved
lymph nodes in the draining basin but also to the pres-
ence of microsatellitosis, satellitosis or metastasis in
transit indicated with “c” in addition to “a” (microscopic
nodal metastasis, clinically occult), “b” (macroscopic
nodal metastases, clinically detected). Concerning dis-
tant metastases, involvement of the central nervous sys-
tem (CNS) is indicated as M1d in addition to M1a (skin,
soft tissue including muscle and/or non-regional lymph
nodes), M1b (lung) and M1c (non-CNS visceral).

Breast cancer: The principal lymphatic route concerns
the axillary basin. Other lymph node groups for regional
drainage are the internal mammary chain, intramam-
mary, interpectoral, periclavicular and paramammary.
In the axilla, caudal from the axillary vein, the three
Berg’s lymph node levels defined in relation to the pec-
toralis minor muscle. Level I includes the nodal external
mammary, lateral axillary vein, subscapular and axillary
vein groups. Lymph nodes of level II receive drainage
directly from the breast but also from afferent vessels
of level I lymph nodes. Most medial axillary nodes cor-
responding to level III may drain from other axillary
groups but also from the subclavicular group and the
subclavian trunk. Level III can also direct drainage from
the breast through retromammary lymphatic vessels.
Nodes located between the pectoral muscles are also
known as Rotter’s nodes. With respect to the internal
mammary chain, the nodes of the first to fifth intercos-
tal spaces drain the posterocentral and posteromedial
parts of the breast. To deepen the lymphatic routes of the
breast, the work of Clough et al. [27] is recommended.
Concerning clinical regional staging, according to the
eighth TNM edition, the ipsilateral supraclavicular nodal
metastases are no longer considered stage IV disease
in the American Joint Commission on Cancer (AJCC)
Staging System, because of the direct drainage of the
upper inner portion of the breast to the supraclavicular
nodes. Involvement of these lymph nodes results in clas-
sification of these patients as AJCC nodal stage N3. IMC
metastases result in classification as N1, N2 or N3 [28].
Oral cavity cancer: Based on the classification accord-
ing to Robbins et al. [29], the lymph nodes in the neck
have been subdivided into specific anatomic subsites and
grouped into seven levels in each side of the neck. Level
I includes the submental and submandibular lymph

nodes. Level II contains the upper jugular lymph nodes
that extend from the inferior border of the hyoid bone
to the base of the skull. Level III includes the middle
jugular nodes, and level IV the lower jugular nodes. The
posterior border of regions II, IIT and IV is the posterior
border of the sternocleidomastoid muscle, which is the
anterior border of level V. Level VI contains the pretra-
cheal and paratracheal nodes, the precricoid Delphian
node and the perithyroidal nodes including the ones
along the recurrent laryngeal nerves. Finally, level VII
includes the superior mediastinal lymph nodes above
the level of the innominate artery. Levels VI and VII
have recently been subdivided in sublevels VIa (anterior
jugular nodes), VIb (prelaryngeal, pretracheal and para-
tracheal nodes), VIla (retropharyngeal nodes) and VIIb
(retro-styloid nodes) in order to facilitate the daily prac-
tice of radiation oncology [30]. This latter approach also
recognises the levels VIII (parotid group), IX (bucco-
facial group) and X (posterior skull group) that is sub-
divided in Xa (retroauricular and subauricular nodes)
and Xb (occipital nodes). Some important reference ana-
tomical points to localise SNs in relation to lymph node
basins are muscles (e.g. sternocleidomastoid, digastric,
omohyoid); vessels (e.g. jugular vein); organs (e.g.
parotid gland) and other structures (hyoid bone, cricoid
cartilage).

Gynaecological cancer: In vulvar cancer, lymphatic
drainage is mainly bilateral and directed to the inguinal
nodes whereas the lymphatic spread in cervical cancer
may be bilateral because of the midline position of the
uterine cervix; dissemination principally occurs to pel-
vic stations (parametrial, intern iliac, external iliac and
presacral). For endometrial cancer, the pelvic pathway is
the most common route principally for tumours located
in the middle and lower parts of the uterus whereas for
cancer in the upper corpus and fundus, the routes to
junctional lymph nodes as well as common iliac and
para-aortic nodes are also important. For ovarian can-
cer, the pattern of spread may be multidirectional with
possible peritoneal, lymphatic and hematogenous dis-
semination. With respect to lymphatics, para-aortic and
the lateral pelvic pathways are the principal routes. A
compilation of the lymphatic spread in gynaecologic
malignancies is given by Paiio et al. [31]. In cervical
and endometrial cancer, nodal involvement is designed
as stage IIIC in the revised FIGO staging system with
IIIC1 for pelvis lymph nodes and IIIC2 for para-aortic
involvement [32].

Urogenital cancer: In penile cancer, lymphatic drain-
age is almost always bilateral with the inguinal lymph
nodes as the first station. In prostate cancer, most com-
mon pathways include the extern iliac and obturator
nodes as well as the internal iliac nodes. Less frequent
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are the direct pathways to the common iliac lymph nodes
as well as mesorectal and presacral regions [33]. All
lymph nodes between the level of the iliac bifurcation
and the level where the inferior epigastric artery arises
from the external iliac artery are considered as regional
lymph nodes and their involvement is indicated as N1.
Nodal metastases above or below this pelvic area are
considered distant metastases and indicated as Mla.
MI1b (skeleton) and M1c (lung, liver) indicate organ
metastases [24].

Detection and resection of distant metastases become rel-
evant for IMI-guided resection in patients with indication of
biochemical recurrence. In general, recurrent cancer may be
local (in the same place as the original cancer or very close
to it), regional (in lymph nodes or tissues near the primary
tumour) or distant (in lymph nodes outside the regional area
or in organs or tissues far from the original cancer).

Local and systemic radiotracers
forimage-guided surgery

Due to the irruption of the SN procedure three decennia ago,
nuclear medicine was abruptly confronted with the search
for adequate radiocolloids in order to depict lymphatic drain-
age and SN identification immediately after their adminis-
tration around the primary tumour [34]. In most countries,
existing registered radiocolloids were preferred explaining
in a certain manner both the geographical variability and
the differences in particle size of the radiocolloids validated
in the SN procedure and currently in use in the various
continents. These aspects, as well as the new challenges
in preparing albumin nanoparticle-based radiopharmaceu-
ticals, are extensively discussed by Ballinger in a recent
publication, which can be used as basic material for this
study module in the aspects related to SN tracers [35]. The
first generation of radiocolloids is until today the one most
used for surgical SN biopsy. In Europe, there are various
albumin nanoparticle-based radiopharmaceuticals varying
from Nanocoll (Sorin/GE Healthcare) with>95% of parti-
cles < 80 nm in diameter to SentiScint (Medi-Radiopharma)
with > 80% of 100-600-nm particles. With approximately
the same particle range as Nanocoll are Nanotop (Rotop),
Nanoscan (Medi-Radiopharma) and Nanoalbumin (Medi-
Radiopharma) also available.

In the last years, albumin nanoparticle-based radiotrac-
ers have been modified to facilitate their use in specific
SN procedures. For instance, the fluorophore indocyanine
green (ICG) has successively been added to Nanocoll [36],
Nanotop [37] and more recently Nanoscan [38] to prepare
hybrid tracers for use in SN biopsy of various malignan-
cies and robot-assisted laparoscopic surgery. Probably
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9mTc-tilmanocept is the first agent of a next SN tracer
generation. This tracer appears to selectively bind to man-
nose receptors expressed on the surface of lymph node
macrophages and dendritic cells reducing its migration to
higher echelon nodes, despite a 7-nm diameter particle size.
9mTe_tilmanocept was commercially introduced this century
and recently its current use in SN surgery, increasing in last
years, has extensively been reviewed [39].

With respect to intravenously administered systemic
tracers with subsequent accumulation in target lesions, in
addition to the classical examples of [**™Tc]|Tc-sestamibi for
SPECT/CT-guided resection of parathyroid adenomas and
9mTc-biphosphonates for image-guided resection of bone
lesions, new approaches have become possible with differ-
ent tracers for PET/CT such as ['F]JFDG, PSMA ligands
and more recently FAPI ligands. The strength of these trac-
ers rests on the possibility to perform diagnostic imaging
when cancer recurrence is biochemically suspected and
at the same time is eventually helpful to plan subsequent
radio-tagged resection when malignant lesions are detected.
To implement this latter option, the original radionuclide
of the PET tracer can in some cases be replaced by tech-
netium-99 m to enable SPECT/CT radio-guided resection.
However, in the case of PSMA, this option is not able to
detect all lesions depicted by PET/CT. In this context, efforts
are being made to incorporate fluorophores to PET tracers
in order to facilitate intraoperative bimodal detection. The
potential of these approaches has been discussed in various
recent publications which can be used as starting point to
upgrade the topic [40—42].

Preoperative imaging and interpretation
criteria

For this module, the emphasis will be on the contribution
of nuclear medicine imaging (planar, SPECT/CT, PET/
CT) which has become the standard for precision surgery
in many applications. The underlying principles of nuclear
medicine imaging as well as the design and capabilities can
be found in a leading article on this issue [43]. A more recent
review discussed not only basic aspects of SPECT and PET
but also the advances in hybrid imaging including SPECT/
CT, PET/CT and PET/MRI [44].

Concerning SN aspects, the combination of lymphoscin-
tigraphy and SPECT/CT is the most frequently used for SN
identification in the diverse clinical applications. Criteria to
identify SNs on lymphoscintigraphy are based on the visu-
alisation of lymph ducts, the time of appearance, the lymph
node basin and the intensity of nodal uptake. Due to the inte-
gration of a fast high-end CT component to modern LVOF
dual-head gamma cameras, SPECT/CT can be acquired in
the same session as planar lymphoscintigraphy. SPECT/
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CT-fused images based on multiplanar reconstruction (MPR)
are able to visualise SNs in an anatomical environment indi-
cating their location in relation to muscles, blood vessels and
lymph node groups. The use of cross-reference lines allows
the navigation between axial, coronal and sagittal planes.
This facilitates the correlation with the CT component to
assess which lymph nodes correspond with the radioactive
SNs depicted on fused SPECT/CT images. The use of vol-
ume rendering may complement three-dimensional display
by assigning different colours to anatomical structures such
as vessels, muscle, bone and skin in order to obtain improved
anatomical reference points. Essential for the subsequent
search of SNs in the operating room is the nuclear medicine
imaging report which needs to include the described SN loca-
tion as accurately as possible; the discussion of the images
with surgeons previous to the operation as well as the surgi-
cal and pathological feedback concerning operative findings
is strongly recommended [45]. The impact of SPECT/CT
has been evaluated in an international study supported by
the IAEA which resulted in a surgical adjustment varying
from 17% for breast cancer to 37% for melanoma and 64%
for pelvic malignancies [46]. Due to the incorporation of the
three-dimensional tomographic information to preoperative
imaging protocols, the surgical paradigm evolved from “see
and open” to “see, open and recognise”, based on the ana-
tomical landmarks provided by SPECT/CT to be identified
by surgeons during the resection procedure (Fig. 2).
Regarding PET/CT, the preoperative approach is simi-
lar to that of planar images and SPECT/CT. MPR helps to

Fig.2 Conceptual evolution of
the role of preoperative sentinel
node mapping for intraoperative
molecular image guidance of
surgery in a patient with a mela-
noma on the back. In addition to
the two-dimensional informa-
tion of planar images which
transformed the initial paradigm
from “open & see” (on the left)
to “see & open” (middle), the
incorporation of SPECT/CT
three-dimensional information
as illustrated on the right (top:
volume rendering, below: cross
sectional reconstruction) ena-
bles “see & open & recognise”
by providing anatomical land-
marks to localise sentinel nodes
in right axillary and supraclav-
icular regions

OPEN & SEE

.'J«.-u

identify target lesions and the correlation of fusion images
with CT for anatomical feedback. However, it is necessary
to consider some possible sources of false-positive and false-
negative findings. In the case of the systemic tracer ['*F]
FDG, the pattern of physiologic uptake needs to be evaluated
in relation to the possible lesions to be resected. A practical
approach is well-described by Kobayashi et al. for biopsy
guided by FDG imaging [47] and is also recommended for
PET/CT with PSMA ligands [48] and FAPI ligands [49].

Gamma detection devices and criteria
for intraoperative use

Although the concept of radioguidance for surgery origi-
nated approximately seven decennia ago, it was only with
the introduction of the SN procedure that its use gained in
popularity and the acquisition of gamma probes became
essential in most medical centres [50]. Basic considera-
tions and criteria for use of intraoperative gamma detection
devices can be found in the work of Heller and Zanzonico
which emphasises some essential parameters such as sen-
sitivity (or efficiency), energy resolution, contrast and spa-
tial resolution [51]. In a recent overview, these parameters
are discussed in relation to new devices for radioguidance
classifying detection probes in four categories: low- to mid-
energy (<400 keV) also called “gamma probes”, high-
energy (>400 keV) known as “high-energy gamma probes”,
beta + particle detection (positively charged electrons or

PARADIGM EVOLUTION IN
RELATION TO THE DEVELOPMENT
OF PREOPERATIVE IMAGING IN
RADIOGUIDED SURGERY

SEE & OPEN
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positrons) called “beta+ probes” and beta — particle detec-
tion (negatively charged electrons or negatrons) also called
“beta — probes” [52]. Currently, most procedures are based
on technetium-99 m (and to a lesser extent iodine-125 and
indium-111) and this explains the popularity of gamma
probes as standard of care for RGS; the other detection
probes are principally used for investigational objectives. In
spite of the efficiency of gamma probes, their main limita-
tion is the inability to determine where the radiation is com-
ing from. This limits the detection of small lesions, princi-
pally those located in the vicinity of the radiotracer injection.
The limitations of gamma probes have led to the develop-
ment of portable gamma cameras (PGC) which are able to
reduce the localisation time of targeted tissues by allowing
two-dimensional mapping in a larger field of view. PGC can
make images from different directions increasing the diag-
nostic accuracy of overlapping lesions or when the lesion is
near the injection site. However, PGC are more voluminous
than gamma probes reducing their manoeuvrability in the
operating room. In analogy with gamma probes, PGC are
designed for low- to mid-energy gamma ray detection and
are popular in Spain and Latin American countries due to
their high-resolution SN imaging. To study the development
and future outlook of intraoperative PGC, we recommend a
recent review of Farnworth and Bugby [53]. Also, the aspects
related to radioprotection are included in this module.

Optical imaging as expansion of nuclear
medicine

The concept of optical imaging as an expansion of nuclear
medicine was introduced in 2013 in a tutorial review by Chin
et al. in relation to hybrid imaging agents which can use
both radionuclear and optical properties rather than using
two separate chemical entities to achieve this extension [54].
Two types of specific luminescence imaging can illustrate
this concept. On the one hand, hybrid agents generated fol-
lowing the addition of a fluorescent dye as ICG to a radioac-
tive tracer. On the other hand, hybrid imaging agents resting
on Cerenkov luminescence imaging (CLI) of beta-emitters.
In this approach, both CLI and fluorescence detection were
considered as allied technologies of radioguidance. Ten
years later, the hybrid tracer based on the combination of
a radioisotope and a fluorophore has demonstrated its value
in different image-guided surgery applications using near-
infrared (NIR) devices. By contrast, Cerenkov-based hybrid
agents, despite their initial investigational success [55], have
been less successful in clinical practice probably due to their
much lower luminescence intensity which makes it neces-
sary to develop specific imaging devices in contrast to fluo-
rescence which can be used with existing equipment already
applied for separate imaging in operating rooms.
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The field of hybrid equipment for IMI procedures is cur-
rently in progress with increasing applications as reviewed
by Bugby et al. [56]. They describe various categories with
gamma-bright field imaging (e.g. freehand SPECT, PGC
with optical support) and gamma-NIR fluorescence imag-
ing as the most important. This development has led to a
concept of multiplexing modalities which will be enunciated
in the next module.

Hybrid signatures and multiplexing
modalities

This study module is closely related to the previous one and
refers to the integration of allied guidance technologies dur-
ing the same procedure. This multiplexing of the comple-
mentary information of different signatures into a single pro-
cedure has received the denominations of hybrid, bimodal
or multimodal in clinical practice and has significantly con-
tributed to an expansion of IMI modalities. As emphasised
by van Leeuwen et al. [42], integration of two signatures
in a single bimodal/hybrid tracer ensures colocalisation of
both signatures and promotes an advanced form of symbiosis
(the best of both worlds) that empowers surgeons to improve
intraoperative target delineation. The proof of concept has
been exemplified by the integration of the radiotracer *™Tc-
nanocolloid and the fluorescent dye ICG to obtain a hybrid
tracer which has been used in different SN clinical applica-
tions with special value for head/neck and pelvic malignan-
cies as evaluated by KleinJan et al. [57]. They concluded
that: (a) bimodal identification is highly sensitive and con-
cerns the same SN, as corroborated in their study (>98%
radioactive and >95% fluorescent); (b) in contrast to the
unimodal use of fluorescence, the identification of the SN
by the hybrid radiotracer did not influence operative logistics
in relation to the intervals between injection and detection
(prolonged diagnostic window); (c) the hybrid radiotracer
allowed excision of the SN without performing a previous
resection of the primary tumour as is the usual practice when
using only radiocolloids and the SN is located in the vicinity
of the primary lesion; and (d) the margins of primary tumour
resection can be determined without impediments in contrast
to what usually occurs when using only blue dye. Another
important aspect concerns the nodal uptake mechanism. For
this, it is important to solve the gap in sensitivity between
radiotracers, which due to their high specific activity can
be used for imaging at a picomolar dose, and fluorescent
agents, which are frequently used in the micromolecular
range. Although the clinical application of hybrid tracers
for SN surgery appears to support the use of lower quantities
of fluorescent dye, it is necessary to optimise the proportions
of radiotracer and fluorophore in the design of hybrid trac-
ers for systemic use in the context of IMI. This is a crucial
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aspect because of fluorescence guidance may become less
accurate in tissues with relatively low accumulative rates
leading to an underestimation of the number of targets when
fluorescence is not supported by nuclear medicine [56]. With
respect to IMI-related detection equipment in the operating
room, hybrid tracer surgery for resection of metastases may
be logistically performed with the same devices used for
hybrid SN surgery. Novel devices for this objective will be
discussed in the following module.

Innovative devices

The essential of the learning programme discussed in this
tutorial review for IMI is based on the cumulative knowledge
and experience of the last 30 years of SN surgery which
has strongly been characterised by technological advances
enabling its evolution to a wider IMI concept (Fig. 3). This
has been one of the fields where nuclear medicine has con-
tinuously contributed with important tools and devices,
many of them falling into the category of disruptive inno-
vations [58]. A classic example has been the incorporation
of preoperative gamma camera imaging and intraoperative
gamma counting to the SN procedure in the early nineties
of the past century. This technological contribution gave the
SN concept the necessary impulse to be validated replac-
ing extended lymph node dissection by selective SN biopsy
as standard of care in melanoma, breast cancer and other
malignancies. Although technological advances of nuclear

Fig. 3 Technological evolution

in the last decades concern-

ing image-guided surgery

using radioguidance and allied 0

(left) evolves to SPECT/CT
(middle) and PET/CT (right) for
preoperative mapping (top half).
In addition, for intraoperative
target identification (bottom
half), technological evolution is
illustrated from left to right by
the successive incorporation of
gamma probes, portable gamma
cameras, free-hand SPECT 3D

medicine may be unprecedented transforming protocols
and operating modes to conform the new technologies, with
respect to precision surgery, most innovations have been
oriented to provide tools to optimise existing approaches
making them widely available through successive incre-
mental developments. An example concerns the develop-
ment of specific tools for robot-assisted surgery which has
disruptively replaced standard surgical procedures. For
robot-assisted laparoscopy in the context of SN biopsy and
regional lymph node dissection, an adjustment of nuclear
medicine contribution has been necessary with the incor-
poration of hybrid tracers and flexible laparoscopic gamma
probes (Drop-In devices) replacing both unimodal tracers
and rigid laparoscopic gamma probes. Drop-In devices, cur-
rently commercially available, enable a superior detection
rate and manoeuvrability than the traditional laparoscopic
gamma probes when used in robot-assisted procedures and
have optimised SN detection in territories of pelvic lym-
phatic drainage even in combination with fluorescence. A
further incremental development inspired on the Drop-In
concept is the recently designed Click-On probe which
allows integration of the device in the same pincers of the
robot. Due to a better dexterity, the Click-On device appears
to provide a 40% reduction in movements compared with
the Drop-In probe. The advances of robotic IMI-related sur-
gery and the engineering steps towards a full integration of
radioguidance with allied technologies in a hybrid concept
have been recently reviewed by van Oosterom et al. [59]. In
another review, Wendler et al. [60] didactically explain other
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innovative aspects like artificial intelligence and navigation
as well as virtual and augmented reality strategies in addi-
tion to freehand emission tomography and intraoperative
scintigraphy.

Also, in the field of preoperative molecular imaging,
new devices have been introduced in recent years. These
technological advances have recently been discussed in the
above-mentioned review of van der Meulen et al. [44]. With
respect to SPECT/CT, a new generation of cameras with a
ring-configuration detector using the semiconductor CZT
(Cadmium-Zinc-Telluride) offers improved sensitivity and
resolution together with the possibility to replace the current
acquisition and display of planar lymphoscintigraphy in a
new concept of lymphotomography as standard of imaging
for both dynamic and static images. Concerning PET/CT,
the recently introduced long axial scanner will reinforce the
role of molecular imaging in the detection of metastases for
IMI guidance with tumour-seeking PET tracers [57].

The module innovative device is a dynamic one and
needs to be continuously upgraded for every teaching pro-
gramme. A literature review of Bugby et al. [56] concern-
ing hybrid intraoperative imaging techniques evaluated 60
papers directly related to hybrid IMI out a total of 2367
yielded using online reference databases. These findings not
only confirm the growing applications of hybrid imaging for
surgery but also illustrate the technological challenges for
teaching and future practice for all specialised disciplines
involved in IMI procedures.

Guidelines, protocols and textbooks

As mentioned in the introduction of this review, various
international scientific associations and national societies
prepared guidelines and recommendations to implement
training and homogenise practice of both the SN procedure
in different malignancies and other IMI applications. Specific
guidelines elaborated by the EANM, mostly in collaboration
with the SNMMI, can be found for melanoma [5, 6], breast
cancer [7], oral cavity cancer [8] and gynaecological malig-
nancies [9]. In general, EANM guidelines, summarising all
clinical and technological recommendations for validated
applications, constitute a valid future study material for pro-
fessionals in the field of IMI. Also, specific guidelines elab-
orated by oncological societies give extensive information
about clinical indications and practice of SN biopsy [11-14].
Additionally, in the course of the years, various textbooks
concerning SN mapping and IMI procedures have been pub-
lished of which the most recent are recommended [61, 62].
Furthermore, in the past decade, the IAEA started a
programme for knowledge transfer encompassing all sur-
gical applications based on preoperative scintigraphy and
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intraoperative radioguidance in the wide concept known as
GOSTT which included not only SN applications but also
other IMI applications beyond the SN procedure. This major
integrative attempt concerned knowledge transference for
countries outside of Europe in the context of a training pro-
gramme in surgery related to radioguidance. IAEA work-
shops were based on the designation of a medical centre
in a country as a course venue and during 1 to 2 weeks,
practitioners from countries of the area were involved in
surgical operations, seminars, hands on practices etc. with
specific technological tools under supervision of teachers
recognised by the JAEA as experts. A textbook elaborated
by the same IAEA containing excellent study material was
used as textbook for participants. This multidisciplinary
teaching initiative still can be used as common thread of
the topic and may constitute one of the fundaments for the
expansion of IMI possibilities [10].

Until now, guidelines, protocols and textbooks have been
principally oriented to the SN procedure which may be con-
sidered as a model for IMI following local tracer injection.
In the near future, attention must be given to the generation
of specific guidelines for IMI based on systemic tracers. In
this, the model validated for PSMA image-guided surgery
may contribute to a separate teaching module [63]. Similar
to multidisciplinary consensus initiatives reached in the past
for novel SN applications (e.g. prostate cancer) by means of
the Delphi methodology [64] also for PSMA, a discussion
procedure incorporating the involved disciplines is neces-
sary; a first step in this has recently been effectuated for
both IMI procedure [65] and cancer-related image [66]. The
PSMA model may also constitute a good basis for work with
other systemic PET tracers.

Alternative technologies and modalities

Concerning the SN procedure in recent years, various
alternative methods have been introduced for intraopera-
tive detection. The majority of these modalities have been
found to be comparable but not superior to radioguidance
for SN detection in the operating room which is the stand-
ard of care today. However, most of these validations have
been focussed on SN biopsy in breast cancer. Furthermore,
they are limited in providing imaging for preoperative map-
ping with a similar effectiveness as SPECT/CT in combi-
nation with lymphoscintigraphy. This may be explained
by a reduced sensitivity for imaging outside the body (e.g.
fluorescence as monomodality) or by logistical reasons (e.g.
MRI with superparamagnetic iron oxide nanoparticles). By
contrast, the improved accessibility of SPECT/CT in most
departments of nuclear and molecular imaging together with
well-standardised protocols facilitates preoperative imaging
for the SN procedure in virtually all applications including
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those for complex procedures like robot-assisted surgery.
The same conclusion can be drawn for the accessibility of
PET/CT for preoperative imaging in oligometastatic disease.
An extensive review on the role of radioguidance for surgery
in comparison to new alternative methods principally for SN
biopsy in breast cancer recently summarised technical and
practical aspects as well as advantages and limitations [67].

Setting-up a training programme
for preoperative mapping and IMI:
how to teach? How to learn?

This last module, addressing organisational aspects, con-
cerns the initial question of this proposal: how to set-up a
training programme in preoperative mapping and IMI? In
this tutorial review, we previously have proposed ten mod-
ules concerning basic background information to be used as
a conductive thread to configurate specific programmes in
the future. Probably during the implementation of these pro-
grammes, other modules will be added or fused according to
the teaching praxis. In approximately three decades after the
introduction of SN biopsy, several teaching initiatives in this

uwenhook hospital prosents:

Guided Intraoperative

issue have been implemented principally based on knowl-
edge transference of the preoperative and intraoperative
aspects of the SN procedure (Fig. 4). In this respect, train-
ing efforts concerning current and future IMI procedures
can take the lessons from the previous period to delineate
specific teaching programmes.

For example, some important organisational aspects to
take into account in the design of teaching prospects for
IMI might be:

— Incorporation of basic IMI knowledge to nuclear medi-
cine bundles in medical, paramedical and technological
training studies. Due to the scarce space given to nuclear
medicine in current teaching curricula in most European
countries, the preparation of a compact document on IMI
procedures by national nuclear medicine societies may
be helpful to implement this aspect.

— Incorporation of advanced interventional IMI aspects
in training programmes for clinical and technological
specialisms. Since significant inter-centre heterogeneity
exists concerning the application and technical imple-
mentation of SN procedures on a national and interna-
tional level, it is of outmost importance that basic and
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Fig.5 Hands-on simulating
practice for target detection

in open surgery (above) using

a standard gamma probe (on
the left), a portable gamma
camera in combination with a
gamma probe (middle) and a
freehand SPECT probe (on the
right). For laparoscopic surgery
(bottom), a portable gamma
camera in combination with a
rigid laparoscopic gamma probe
for standard laparoscopy (on
the left) and a flexible Drop-In
probe in combination with
fluorescence imaging (circles)
for robot-assisted surgery (on
the right) are tested

advanced IMI teaching becomes incorporated in spe-
cialty programmes of those disciplines involved in SN
biopsy. This accounts for nuclear medicine physicians
as well as for surgeons, urologists, gynaecologists and
ear-nose-throat specialists. Implementation of inter-
disciplinary teaching modules as part of their training
programmes, both theoretical and practical, will help to
homogenise daily practices and maintain high-quality
state-of-the-art IMI procedures among centres.
Promotion of fellowships and internships in recognised
reference IMI-related centres. A necessary process of
certification based on external review (e.g. EANM,
TIAEA) after visitation to give accreditation to centres
with intensive IMI practice will help to give structure
to this activity. The experience in past decades of cen-
tres such as the NKI/AVL (Netherlands Cancer Institute/
Antoni van Leeuwenhoek) of Amsterdam and the Uni-
versity Hospital Clinic of Barcelona illustrates the poten-
tial of this approach. In these centres, dozens of trainees
received both theoretical and practical expertise on SN
mapping and IMI procedures.

Master-class courses and hands-on practice for experts in
accredited reference centres and/or specialised instances.
In these courses, both standard of care SN/IMI proce-
dures and novel technological approaches can be treated.
An illustrative model can be found in the experience of
the NKI/AVL of Amsterdam where in 1998 and 1999,
more than two hundred surgeons, nuclear physicians and
pathologists from different countries were trained in spe-
cific aspects of the SN procedure. Similar master-class
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courses were organised by the TAEA in the last two dec-
ades in Latin America, Africa and Asia. This model has
also been followed in different countries under auspice of
some national scientific societies. An illustrative example
is constituted by the biannual workshops organised at
the University Hospital Clinic of Barcelona concerning
all IMI aspects on the basis of seminaries and hands on
sessions (Fig. 5).

Specific skills to be acquired in recognised specialised
centres for technological assisted surgery. Examples of
the potential teaching of advanced technological assisted
aspects can be found in centres like the ORSI Academy
of Melle, Belgium (https://www.orsi-online.com) and the
Amsterdam Skill Centre (ASC Academy) in the Nether-
lands (https://asc.amsterdam).

Elaboration of specific guides for use of new techniques
and technologies concerning surgical innovation and
good practice robotic-assisted surgery as effectuated by
the Royal College of Surgeons of England [68, 69]. Also,
e-learning initiatives may be useful. An example can
be found in the IAEA site (https://www.iaea.org/resou
rces/e-learning-course/advances-in-radioguided-surge
ry). Also, consensus meetings with participation of the
disciplines involved in IMI procedures are necessary not
only to clarify clinical indications but also to homogenise
current and future technological standards. Methodologi-
cal processes as Delphi may play an important supportive
role in this matter.
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For all above-mentioned teaching prospects, it is neces-
sary to emphasise that SN mapping and IMI procedures are
based on teamwork, where development and teaching follow
a multidisciplinary approach with integration of different
disciplines and the necessary collaboration between medical
and technical developers in a context of continuous knowl-
edge transfer.

Conclusions

The field of IMI applications is growing and currently con-
cerns not only SN biopsy for different malignancies but also
other image-guided procedures related to local and systemic
tracer administration. This process has been characterised
by the gradual incorporation of imaging technologies for
preoperative mapping like SPECT/CT and PET/CT as well
as for intraoperative use. In this context, teaching initiatives
for clinical specialties and technical developers appear to
be necessary. Therefore, the presented work has intended
to give shape to a programme made up out of specific basic
knowledge learning modules as well as organisational
aspects aimed to be helpful as an eventual conductive thread
in training instances concerning the topic.
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