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Abstract
Radioguidance that makes use of β-emitting radionuclides is gaining in popularity and could have potential to strengthen 
the range of existing radioguidance techniques. While there is a strong tendency to develop new PET radiotracers, due to 
favorable imaging characteristics and the success of theranostics research, there are practical challenges that need to be 
overcome when considering use of β-emitters for surgical radioguidance. In this position paper, the EANM identifies the 
possibilities and challenges that relate to the successful implementation of β-emitters in surgical guidance, covering aspects 
related to instrumentation, radiation protection, and modes of implementation.
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Introduction

Despite the rapid advance of alternatives, surgery remains 
to be one of the key treatment pillars for oncological care. 
Not only does it enable radical removal of diseased tissue, 
it is also one of the cheapest treatment options available. 
Surgery is also increasingly being used in a neoadjuvant 
setting where it provides complementarity to chemo-, 
immune-, or (external beam) radiation therapy. The nuclear 

medicine disciplines of radioguided surgery and interven-
tional nuclear medicine provide an ever-increasing armory 
of technologies that support precision interventions. At the 
same time, within nuclear medicine, the diagnostic use of 
PET is rapidly advancing the field of molecular imaging 
[1, 2]. A success has resulted in the widespread clinical 
availability of β+-emitting PET tracers. Many recent thera-
nostic research activities focus on providing therapeutic 
β−-emitting analogues of these radiotracers, an example 
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being the theranostic pair of  [68 Ga]Ga-PSMA-11 and 
 [177Lu]Lu-PSMA-617 [3]. The success of these efforts has 
also stimulated an interest in the use of β-emitting tracers 
for image guided surgery purposes. β-surgical radioguid-
ance can essentially take place via four routes: (1) direct 
detection of the β+ or β− particles [4], (2) direct gamma 
emissions (prompt or concurrent), (3) detection of second-
ary 511 keV annihilation photon emissions [5], and (4) 
detection of secondary Cerenkov light emissions arising 
from the emitted positron (and electron) [6]. In theory, 
these methodologies can complement each other, but in 
practice, they are often used individually.

The current clinical standard in radioguidance (Fig. 1A) 
is set by the well-documented, well-accepted, and well-vali-
dated use of low to mid-energy γ-emitters, Gamma-radiogu-
idance. Low dose exposure and ready availability of compat-
ible detectors and cameras have driven the use of 125I/123I, 
111In, and in particular 99mTc for radioguided surgery [7–9]. 
A clear example is the routine and wide scale use of  [99mTc]
Tc-radiocolloids during sentinel node (SN) procedures [10, 
11], where preoperative imaging creates a (3D) roadmap 
that surgeons can use to navigate toward lesions in unusual 
and unexpected locations. Following this macroscopic navi-
gation, the lesions are then detected with tailored surgical 
modalities [12]. Overall, however, radiochemical efforts in 
the area of SPECT tracer development seem to be lacking 
behind in popularity due to the superior imaging charac-
teristics of PET imaging modalities. Making it logical to 

study to what extent these imaging guidance aspects could 
potentially be covered via β-surgical radioguidance.

While there are clear arguments to be made in favor of 
using β-emitting radionuclides, not one β-surgical radiogu-
idance strategy has made it to routine clinical use to date. 
The popularity of the topic is thus mainly based on tech-
nology-driven clinical trials that provide a limited body of 
evidence. This leads to unclarity within the nuclear medicine 
and surgical communities. The aim of this position paper is 
to provide a critical overview on the available technologies 
and the chances and challenges that come with β-surgical 
radioguidance. This is done by discussing β-radioguided 
strategies relative to the �-surgical radioguidance paradigms 
currently in clinical use (Fig. 1A vs B), thereby address-
ing aspects such as cost calculations, logistics, and surgi-
cal imaging equipment, radiation exposure for surgical staff 
and patients, and ethics. From a medical perspective, these 
factors raise some questions. For example, are the new tech-
nologies valid alternatives and if so, under which conditions 
should they be applied?

Logistical aspects of radioguidance 
workflows

Nuclear medicine imaging technologies are increasingly 
being used to classify oncologic patients and to select 
patients for therapy, including surgery. Hereby, PET is 

Fig. 1  Surgical radioguidance workflows. General workflows in surgical radioguidance: A sentinel node procedures and B receptor targeted pro-
cedures
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generally seen as the preferred diagnostic modality; the sen-
sitivity and spatial resolution of PET imaging are superior to 
those of SPECT [13]. Diagnostic PET scans help physicians 
in selecting patients with local disease that are most likely 
to benefit from surgical tumor removal. That said, there 
often is a period of weeks or months in between the initial 
PET scan and the surgery itself. The possibility of extended 
tumor growth in this period makes it imperative to generate 
a second nuclear imaging scan 1 or 2 days before surgical 
radioguidance. These secondary scans substantiate patient 
restaging and help create an up-to-date roadmap for surgical 
guidance (Fig. 1B). A clear example here is PSMA gamma-
radioguided salvage nodal surgery that is in clinical trials, 
but also is now routinely implemented outside of clinical 
trials in some European hospitals [14]. While patient selec-
tion is based on a diagnostic PSMA-PET scan, the selected 
patients undergo a second  [99mTc]Tc-PSMA SPECT scan on 
the day of surgery [15]. β-surgical radioguidance trials that 
use Cerenkov-based PSMA imaging essentially follow the 
same paradigm, meaning that in this application, patients 
tend to get a second PSMA-PET scan at the day of surgery 
[16]. This requirement for an additional imaging session cre-
ates some logistical challenges, whereby the time between 
imaging and surgery, the physical half-life of the radionu-
clide, and the pharmacokinetics of the radiotracer are the 
most critical factors.

In SN mapping with 99mTc  (T1/2 = 6 h), procedures are 
performed in 1 day (injection and imaging in the morn-
ing and surgery in the afternoon) or 2 days (injection and 
imaging in the afternoon and surgery the following morn-
ing) protocols [17]. Initially, PET analogies of these pro-
cedures therefore made use of the much more costly 89Zr 
 (T1/2 = 78.4 h) to maintain the clinical logistics [18]. Where 
SN procedures only require 1–2 h to visualize the targets 
following local injection, applications with intravenously 
injected receptor-targeted tracers tend to require much longer 
to clear background signals. A prominent example herein is 
the 12-h time interval needed between radiopharmaceutical 
administration and  [99mTc]Tc-PSMA-I&S-guided surgery 
[9, 19]. While relatively long-living radionuclides can eas-
ily accommodate these workflows, this poses challenges 
for radionuclides with short half-lives. For example, SN 
approaches (Fig. 1A) that use short-living PET radionuclides 
such as  [68 Ga]Ga-tilmanocept  (T1/2 = 1.1 h) [20] or 2-[18F]
FDG  (T1/2 = 1.8 h) [21] require the imaging to be performed 
shortly before surgery, which calls for complex coordination. 
The same applies for receptor targeted applications (Fig. 1B) 
such as  [68 Ga]Ga-PSMA [16, 22] and could be extended to 
tracers such as  [18F]F-SiFAlin-TATE [23].

The most straightforward way to ensure signals can still 
be detected during surgery would be to increase the activity 
injected, but this would increase the radiation exposure for 
the surgical staff. There is still lack of evidence to which 

minimal patient administered activity renders a measurable 
signal for typical surgery durations.

Approaches that rely on β-radioguidance with longer-
lived radionuclides such as 90Y  (T1/2 = 2.7 d) could provide 
reasonable signals with much lower administered activities, 
such is the case of a β-surgical radioguidance feasibility 
study using  [90Y]Y-DOTA-TOC [4], but still require par-
ticular attention in terms of extremities exposure, due to the 
high energy of beta particles emitted in 90Y decay.

The settings of the surgery itself can vary substantially 
between indications. The most common approaches in surgi-
cal radioguidance include “open” surgery [24], laparoscopic 
surgery [25], and robot-assisted laparoscopic surgery [26]. 
The performance of the radiotracer is not affected by the 
surgical approach, but the approach does directly reflect 
the positioning of the surgical staff, the accessibility of the 
imaging modalities used, and the degrees of freedom with 
which these modalities can be used. In particular, “key-hole” 
procedures demand dedicated miniaturized (small and light-
weight) and preferably steerable tools. This feature tends to 
directly impact detector design features such as ergonomics, 
collimation, and sensitivity. An example here is the devel-
opment and evolution of laparoscopic gamma probes [27].

Given that surgeries generally comprise multiple facets, 
whereby only one is the radioguided resection, the dura-
tion of image acquisition is essential. In practice, there is a 
substantial demand for real-time feedback [27]. That said, 
static intraoperative overview imaging with, e.g., portable 
gamma cameras have also proven valuable [28]. Ex vivo or 
rather “back table” assessments using cameras and/or trac-
ing probes add value by confirming that lesions have been 
accurately resected [29]. A unique characteristic for these 
back table assessments is that they do not physically restrict 
the use of a specific type of modality.

It is important to note that some surgeries take substan-
tially longer than others, meaning the surgical staff spends 
more time next to “hot” patients or that the radioactive signal 
may decay. It is not uncommon for a procedure to take 5 h. 
In the case of a robot-assisted operation, the surgeon is out 
of harm’s way. Meaning he/she is not exposed to the radia-
tion provided by a β+-emitting radiopharmaceutical. Still, 
the bedside assistant is continuously being exposed to the 
radiation from radioactivity residing in the patient or the 
resected specimens.

Clinical targets and radiotracers

Today the most common clinical target benefitting from 
surgical radioguidance still is the SN [30–32], followed 
by radio-occult lesion localization (ROLL) [33], iodine 
seed marking [34], and thyroid surgery [35]. The treatment 
of neuroendocrine tumors has also been pursued using 
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somatostatin receptor-targeted radioguidance strategies [36]. 
PSMA-targeted surgery, however, seems to be the procedure 
that is on the rise at the moment [37]. As depicted in Table 1, 
there is a PET alternative for most SPECT tracers and vice 
versa. Indeed, up-and-coming approaches such as FAPI-PET 
have SPECT analogues available [38]. The only tracer for 
which there is currently no optimal SPECT alternative is 
2-[18F]FDG. While tracers such as  [99mTc]Tc-Sestamibi also 
depict some form of metabolism, their performance does 
not equal that of 2-[18F]FDG. Given the widespread imple-
mentation of 2-[18F]FDG in oncological imaging (includ-
ing diagnostic, staging, restaging, and therapy monitoring), 
there is a clear window of opportunity for β-surgical radio-
guidance based on 2-[18F]FDG.

From a radiopharmaceutical perspective, the radiochemi-
cal efforts that are specifically geared towards surgical radio-
guidance are focused on generating dual-labelled, bimodal, 
or rather hybrid radiotracers. A concept wherein radiogu-
idance approaches are further strengthened through the 
introduction of intraoperative fluorescence guidance [39]. 
In this setting, both PET/fluorescence and SPECT/fluores-
cence approaches are being pursued in platforms ranging 
from small molecules to peptides, proteins, monoclonal anti-
bodies, and even nanoparticles [40–42]. As with the con-
ventional radioguidance approaches, the clinical implemen-
tation of these concepts is driven by a SPECT/fluorescent 
tracer for SN procedures (indocyanine green (ICG)-[99mTc]
Tc-nanocolloid) [43].

Modalities and mode of implementation

Given the different settings and routes through which 
β-emissions can be imaged or traced during surgery, a 
wide range of beta-ray imaging/tracing modalities has been 
reported [27]. These modalities and their implementation 
are summarized in Table 2.

Positron annihilation‑photon (γ) probes

High-energy � probes are scintillation detectors such as bis-
muth germanate (BGO) and lutetium orthosilicate (LSO) 
designed to detect positron annihilation 511 keV photons 
[44]. In this energy, the signal attenuation by tissue is lim-
ited, meaning deeper lesions can be identified. Unfortu-
nately, this also means that distant signals may also cause 
high background. To provide enough stopping power for 
efficient signal collection, scintillation crystals need to be 
of a sufficient thickness (typically > 2 cm). Perhaps the great-
est challenge for 511 keV annihilation-photon-probes is the 
need for substantial collimation (Fig. 2F). Such collimation 
is needed to allow focal target identification. Unfortunately 
geometric collimation of high-energy photons can compro-
mise ergonomics, because of size (probe-head diameters of 
about 25 mm) [47] and weight (weights up to 500 g, Fig. 2F, 
G) [18]. Further developments in 511 keV surgical radio-
guidance will probably aim to optimize detector-collimator 
design [24]. For example, a multi-detector setup has been 

Table 1  Clinical targets and 
radiotracers used in patients. A 
comprehensive overview of the 
clinical application of nuclear 
detection methods in surgical 
radio guidance can be found 
in [27]

a Mono-energetic conversion electrons

Application β-particle emitting radiotracer �-photon emitting radiotracer

Sentinel node [68 Ga]Ga-tilmanocept
[89Zr]Zr-nanocolloid

[99mTc]Tc-nanocolloid
ICG-[99mTc]Tc-nanocolloid
[99mTc]Tc-tilmanocept
[99mTc]Tc-sulfur colloid
[99mTc]Tc-phytate colloid
[99mTc]Tc-rhenium colloid
[99mTc]Tc-Senti-Scint (HSA colloid)
[99mTc]Tc-antimony-trisulfide

Thyroid [124I]I-NaI
[123I]I-NaIa

[131I]I-NaI

[125I]I-NaI
[123I]I-NaI
[131I]I-NaI

Iodine seeds n.a 125I
PSMA overexpression [68 Ga]Ga-PSMA-11

[18F]PSMA-1007
[99mTc]Tc-PSMA I&S
[111In]In-PSMA I&T
[111In]In -PSMA-617

Tumor metabolism 2-[18F]FDG [99mTc]Tc-Sestamibi
[99mTc]Tc-Tetrofosmin

Somatostatin receptor over-
expression

[90Y]Y-DOTA-TOC
[68 Ga]Ga-DOTA-TOC
[68 Ga]Ga-DOTA-NOC
[68 Ga]Ga-DOTA-TATE

[99mTc]Tc-Demotate
[99mTc]Tc-EDDA/HYNIC-TOC
[111In]In -pentetreotide
[125I]I-Tyr3-octreotide
[125I]I -lanreotide
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developed to perform electronical collimation of signals of 
511 keV annihilation photons at a reduced weight, but still 
requiring a rather large diameter of ~ 30 mm [27].

Beta plus (β+) and beta minus (β−) probes

For most β+ /β− emitters, the radiopharmaceutical is admin-
istered systemically, which presents a challenge in attaining 
a conspicuous lesion signal from the high uptake on back-
ground tissues. This can be solved by only detecting β+ /
β− emitted particles that travel < 2 mm through tissue. Phys-
ics restraints limit the in depth detection and the effective 
measurement volume, meaning this superficial approach is 
highly reliant on preoperative road maps [48]. Ideally, scintil-
lator-based beta probes should be insensitive to annihilation 
photons and at the same time provide a maximum light yield 
for charged particles. Plastic scintillators or organic scin-
tillators (e.g., p-terphenyl) can be used in relatively small 

(10 mm in diameter and 150 mm in length) and lightweight 
(< 100 g) designs (Fig. 2D, E) [44, 46, 49]. Minimal geo-
metric collimation using steel or plastic material is often suf-
ficient due to the short-range attenuation of β-particles [4, 
50]. For pure β− measurements, photon background due to 
bremsstrahlung is usually negligible because of its very low 
emission probability [4]. However, pure β+ measurements 
are always interfered by annihilation high-energy photons 
[51]. A dual-detector design is typically employed to correct 
the mixed β+ and annihilation photons signal by additionally 
measuring the signal arising from annihilation photons using 
a second detector behind the main detector [50, 52]. Most 
β+/ β− probes have been designed and used in open surgical 
applications [18, 24, 27, 46, 50, 52]. Further developments 
in probe design have allowed compatibility with laparoscopic 
surgery [53] or robotic surgery [45], including small and flex-
ible fiberscopic β+ imaging probes [25]. Of note, lesion iden-
tification via rigid laparoscopic guidance modalities suffers 

Table 2  Surgical modalities and their mode of clinical implementation. An extensive review of Clinical application of nuclear detection modali-
ties in surgical radioguidance is available in [27]

PCa: prostate cancer LN: lymph node

Open surgery Endoscopic surgery Laparoscopic surgery Robot-assisted 
surgery

Back table examination

511-keV annihilation 
photons probe

2-[18F]FDG Colorec-
tal cancer, breast 
cancer, lymphoma, 
ovarian cancer

[18F]F-L-DOPA
Brain tumors
[124I]I-cG250
Renal
[68 Ga]Ga-DOTA-

NOC/TATE
Neuroendocrine 

tumors

2-[18F]FDG
Esophageal carcinoma

2-[18F]FDG
Ovarian cancer
Lung cancer

NA NA

β probe 2-[18F]FDG
Breast cancer, tongue 

tumor
32P buffered phosphate 

ion solution
Glioma
[124I]I-cG250
Renal cell carcinoma
[90Y]Y-DOTA-TOC
Meningioma
Neuroendocrine 

tumors

NA NA [68 Ga]Ga-PSMA-11 2-[18F]FDG
Renal cancer
[68 Ga]Ga-PSMA posi-

tive Primary PCa and 
LN metastasis

Cerenkov imaging NA 2-[18F]FDG positive 
colon lesions

Hepatocellular carci-
noma

NA NA [68 Ga]Ga-PSMA 
positive primary PCa 
margins

2-[18F]F-FDG breast 
cancer

PET/CT-based surgi-
cal navigation

NA NA 2-[18F]FDG
Intrathoracic lesions
Bone lesions
Lymph nodes

NA NA
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from a loss of rotational freedom, while tethered/DROP-IN 
modalities can accommodate lesion identification across the 
full range of motion of the surgical platform [54].

Beta cameras

Beta cameras provide a similar function to that of a beta probe, 
with the ability to provide a 2D representation of the specimen 
by means of pixelated detectors [55, 56]. Some implementa-
tions can be using dual-detector design [55, 57], charged-cou-
pled detector (CCD) with scintillator [58], or complementary 
metal oxide semiconductor (CMOS) [59, 60]. The dual-detec-
tor beta cameras use two stacked scintillation materials in dif-
ferent depths to tackle the challenge of high-rate background. 
It can discriminate the superficial β-signal from the deeper 
penetrating annihilation photons. Subsequent photon signal 
subtraction allows for a representation of the signals origi-
nating from β-particles only [61]. Recent developments on 
semiconductor detector technology may facilitate the direct 

measurement of β+ and β− signal without scintillation material 
[62, 63]. This yields a beta camera that has a high spatial and 
contrast resolution and is insensitive to background annihila-
tion photons [64]. The recorded energy information can be 
further used to correct the background scattering and enhance 
the spatial resolution [65].

Optical Cerenkov luminescence imaging

Cerenkov luminescence (CL) is emitted when a charged 
subatomic particle, for example, from β decay, traverses 
a medium (typically up to 1–2 mm, depending on the 
positron energy [66]) with a velocity that exceeds the 
in-medium phase speed of light [6, 67]. The Cerenkov 
luminescence imaging (CLI) spectrum predominantly 
comprises a peak intensity in the ultraviolet light with a 
tail-emission extending up to far-red end of the light spec-
trum [68]. Recently, even a short-wave infrared (SWIR) 
component of CL was demonstrated [69]. Like β-particle 

A C

B

F G

D E

Fig. 2  Intraoperative use of beta-tracing probes. Example of robot-
assisted beta-tracing with the DROP-IN beta probe on the surface of a 
resected prostate sample (A) and resected lymph node package (B) in 
prostate cancer specimens after injection of  [68Ga]Ga-PSMA-11 [45]. 

Surgical ablation and ex  vivo verification of the metastatic lymph 
node with 2-[18F]FDG (C–E) [46]. Intraoperative detection of senti-
nel lymph nodes with  [89Zr]Zr-nanocolloid-albumin PET-CT using a 
handheld high-energy gamma probe (F–G) [18]
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detection, CLI is limited to detection of signals emitted 
in superficial tissue layers (Fig. 3) [6] and imaging of 
sources underneath 1 mm of scattering medium can be 
performed with a spatial resolution of 2.4 and 2.7 mm, for 
18F and 68 Ga, respectively [73]. Hereby superficial light 
emissions will overshine more diffuse light signal coming 
from deeper lesions. Without overlying signals, it has been 
shown that it is possible to detect deeper lying lesions 
[69]. This also raises a key concern for CLI, namely detec-
tion of other light sources or even ambient light.

The CLI imaging systems are usually using cooled 
detectors (− 90 °C) such as light sensitive charged couple 
devices (CCDs) [6, 74]. The architecture for CLI detec-
tors is dominated by maximizing the sensitivity. The effi-
ciency of the Cerenkov light-conversion is about 3 orders 
of magnitude lower for 18F when compared with a typical 
surgical dye such as indocyanine green (ICG) [75]. To 
compensate for the low light intensity, cameras tend to 
collect signal over a wide spectral range and require longer 
acquisition time (typically about 5 min per view) to col-
lect enough signals to create an image [76]. As Cerenkov 
signals are prone to contamination by other light sources, 

CLI imaging must be performed in a setting that blocks out 
any interfering light. For example, by creating an ambient 
light-tight environment [77].

Three‑dimensional detection modalities

As stated before, it is common that 3D SPECT or PET 
roadmaps are used during surgical procedure planning 
and are retrieved during surgery. Current extended reality 
display options now allow for pre-interventional scans to 
be integrated into the surgeons’ (endoscopic) view [78], 
thus supporting a navigation workflow. The biggest chal-
lenge for such navigation strategies are the tissue defor-
mations that occur during the surgical intervention and 
the resulting mismatch with the original SPECT or PET 
data sets [79]. To overcome such challenges, technologies 
have been developed that reconstruct 3D imaging from 
intraoperative gamma or beta imaging probes or cameras, 
for example, the Freehand SPECT [80–82], freehand beta 
[80], and intraoperative PET imaging from high-energy � 
probes [83].

A B E

F

C D G H

Fig. 3  Intraoperative use of Cerenkov luminescence imaging. Ceren-
kov luminescence imaging for oligometastatic prostate cancer after 
 [68  Ga]Ga-PSMA-11 PSMA-PET/CT (A) indicating prostate tumor 
close to the surface of the organ. Example of Cerenkov imaging 
detecting no tumor close to the surface of the resected prostate (B). 
Macroscopic lymph node metastasis and two different nodes were 
palpable (C, arrows). Corresponding Cerenkov imaging detecting 

PSMA-positive lymph nodes (D) [70]. Endoscopic Cerenkov lumi-
nescence imaging, after injection of 2-[18F]FDG, showing cancerous 
lesions of the GI tract (E, left panel) and overlaid with white-light 
images taken by clinical colonoscopy (F) [71]. No special type inva-
sive breast cancer Cerenkov image using 2-[.18F]FDG (G) and gray-
scale photographic image overlaid with Cerenkov signal (H) showing 
increased signal from tumor is visible (white arrows) [72]
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Another three-dimensional intraoperative approach 
consists of using small-bore PET/CT scanners in ex vivo 
or “back table” assessments of surgical resected speci-
mens (Fig. 4). High-resolution preclinical scanners, with 
depth of interaction correction, can achieve a spatial 
resolution of about 1.0 mm using 18F. The model-based 
iterative reconstruction algorithms can estimate the 3D 
location of each interaction within the PET detectors 
thereby diminishing the parallax effect, which results in 
an optimization of the spatial resolution [85]. Further-
more, it allows for the integration of CT-based anatomical 
information. The main drawbacks of this modality are 
long acquisition times (30 min), extremely limited port-
ability, and image to patient registration [86].

Future engineering developments

On top of the above-mentioned imaging modalities for 
β-emitting radionuclides, one may envision that-similar to 
what we have seen for γ-guidance-hybrid modalities will 
be developed that integrate other intraoperative imaging 
methods such as ultrasound [87] or fluorescence imag-
ing [88–90]. With the advancement of robotic surgery, 
the development of matching surgical radioguidance 
modalities provides interesting possibilities. It includes 
the development of purpose tailored probes or cameras 
such as the DROP-IN beta probe [45] (Fig. 2A, B) or 
EndoTOFPET [91]. Finally, the registration and visuali-
zation of intraoperative nuclear medicine imaging with 
robotic imaging can further enhance minimally invasive 
robotic surgery [92].

Limited clinical evidence

The current body of evidence referring to clinical trials on 
β-surgical radioguidance is mostly based on alternative use 
of approved radiopharmaceutical (i.e., 2-[18F]FDG,  [68 Ga]
Ga-DOTA-TOC, and  [68 Ga]Ga-PSMA). In general, these 
technologies aim at confirming the technical feasibility, 
mostly using histopathology staining as reference. Table 3 
summarizes completed, active, and recruiting registered 
clinical trials (available from www. clini caltr ials. gov) that 
evaluate β-surgical radioguidance.

Most (10/13) of the noted clinical trials are investiga-
tor initiated, almost all (12/13) monocentric and with the 
objective of validating the technique, rather than compar-
ing to other state-of-the-art techniques. The average number 
of patients included in a clinical trial is approximately 27 
patients.

Radiation protection and radiation exposure

Where the surgical guidance achieved by using γ-emitting 
radionuclides has proven to be harmless, the jury is still out 
regarding the radiation exposure caused by using β-emitting 
radionuclides. There are many factors that affect the occupa-
tional exposure arising from a patient injected with a radi-
opharmaceutical in the context of surgical radioguidance. 
In all cases, the ALARA (as low as reasonably achievable) 
principle should be kept in mind to minimize external radia-
tion exposure to the staff. Unfortunately, the two most effec-
tive protective measures, shielding and distance, are hard if 
not impossible to realize in an operating room setting. For 
example, for 18F, a piece of lead with a thickness of 17 mm 

A C

B

Fig. 4  PET/CT imaging in the assessment of intraoperative margins. 
Back table PET/CT imaging, after 2-[18F]FDG administration, of a 
cutaneous squamous cell carcinoma (A) and the sliced tissue of the 
proposed region corresponding with the PET/CT  imaging (B) [86]. 

PET/CT imaging of the prostate preparation after preoperative  [18F]
PSMA-1007 injection with evidence of tracer-uptake immediately at 
the resection margin (C) [84]

http://www.clinicaltrials.gov
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would be needed to reduce the exposure to one-tenth [101]. 
Given that surgery is very much a hands-on intervention, 
keeping distance is also not an option. In a robot-assisted 
setting, the operating surgeon is located at a distance from 
the patient and can potentially even be shielded. However, 
the anesthesiologist and scrub nurse remain at the patient’s 
side. Because of these restrictions, there are only two ways 
to reduce radiation exposure when using β-emitting radio-
nuclides: (1) limit the annual number of exposures per staff 
member, to keep within the required < 6.0 mSv exposure 
limits per year (category B workers [102]), or (2) reduce the 
amount of administered activity used for surgical radioguid-
ance. Examples of radiation exposure of staff during surgical 
radioguidance with different β-emitting radiopharmaceuti-
cals are presented in Table 4. Reducing procedures’ numbers 
is highly undesirable given the minimum quota set in some 
countries [108]; surgeons need to perform a certain number 
of procedures per year to maintain their license to perform 
specific types of surgery [109]. Despite the regional differ-
ences that are observed in different countries, we propose a 
volume of 50–100 surgical radioguidance cases a year to be 
considered surgical routine. Hence, only administered activ-
ity reduction remains as a viable option. For β+-emitters, 
to enter the safety range of 150 MBq of 99mTc would mean 
that about 30 MBq of 18F (considering exposure from point 
source) can be administered, and only 2.3 MBq of 68 Ga or 
90Y can be present in the resected specimen (due to skin 
exposure from contact) [101, 110]. These values simply 
offer guidance, as the activity in the patient during surgery is 
largely determined by tracer pharmacokinetics and the (bio-
logical) half-life. Bunschoten et al. presented radiation expo-
sure of patient, surgeon, and non-nuclear personnel [111]. 
They give an example where they compare radioguidance 
procedures with 18F (370 MBq at 1 h postinjection) resulting 
in 35 µSv.h−1, with a similar procedure with 99mTc (100 MBq 
at 1 h postinjection) leading to an effective dose rate of 1.9 
µSv.h−1, considering the average duration of a surgery being 
3 h. Here it should be noted that because of their short physi-
cal half-life, the effective dose rates of positron emitters will 
demonstrate a more pronounced decline over time. In the 
example above, this would result in approximately 62 µSv 
(18F) and 5 µSv (99mTc) for a 3-h cumulative exposure to the 
reported initial dose rates. Some studies suggest that using 
a β-emitter purely for radioguided surgery purposes means 
the injected activity can be reduced down to 1 MBq/kg, thus 
decreasing the overall exposure [22]. Nevertheless, the use 
of β-emitters is potentially associated with higher occupa-
tional exposure; see also Table 5 and [112, 113].

The dose rate constant is the quantity used for occupa-
tional exposure calculations. It represents (in the case of 
the photons) the ambient dose equivalent H*(10) field flux 
around a point source and it is specific for each radionuclide; 
see Table 5 [114]. Personal dosimeters placed on the chest Ta
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measure the deep dose equivalent  Hp(10) which is usually 
taken as an operational measure of effective dose for compar-
ison with occupational dose limits. It is also useful, especially 
for β-emitters, to possess information about the specific dose 
rate constants regarding the personal surface dose equivalent 
 Hp(0.07), which is a surrogate for skin exposure. For exam-
ple, skin exposure rate of a 50-mL source filled with 1 MBq 
is 0.56 and 0.16 mSv/h for 18F and 99mTc, respectively [101].

For the management of surgical waste, superficial con-
tamination must be excluded and exemption levels must be 
observed [115] (values of activity for which they are exempt 
from control); see Table 5. The waste that arises during the 
surgery can in general be liquidated at 10 half-lives after use of 
radionuclide without radiation measurement. The same exemp-
tion levels should be also applied for determining when pathol-
ogists can start processing excised tissue specimens, which 
generally occurs the day after surgery. Semi-conductor ger-
manium detectors can be used for high-precision measurement 
of specimens to determine if exemption levels are exceeded at 
the moment of tissue excision [105]. In both the waste man-
agement and the pathological processing of tissue, short-lived 
radionuclides such as 18F and 68 Ga bring advantages [106]. 
At the same time, use of longer-lived radionuclides such as 
90Y and 89Zr [18, 107] challenges routine clinical logistics. 
As much remains unknown, it would be desirable that studies 
using β-emitting radionuclides be carefully monitored by the 
medical physicist/radiation safety officer and reported.

Cost

Perhaps the least popular, but nevertheless a highly relevant, 
topic is cost. Again, this is an aspect that differs between the 
use of γ- and β-emitters for radioguidance. Starting with 

γ-emitters, these tracers are generally relatively low in cost 
(e.g., 100 € a vial 99mTc-nanocolloid) and intraoperative 
detection technologies are relatively cheap (e.g., a steri-
lizable DROP-IN probe costs around 15 k€, including the 
readout unit). Here, it must be mentioned that the price of 
receptor-targeted tracers such as  [99mTc]Tc-PSMA I&S can 
be an order of magnitude higher than that of 99mTc-nanocol-
loid. The cost of a preoperative SPECT/CT roadmap is about 
300 €. Moving to β-emitters, 2-[18F]FDG is very cost-effi-
cient radiopharmaceutical at around 1 €/MBq, but the cost 
of a preoperative PET/CT roadmap is expected to be higher 
than a SPECT/CT (estimated cost 1 k€). The price for other 
PET tracers, however, tends to vary between 900 € and 3 k€ 
depending on the radionuclide cost, the common use of the 
agent, etc. The reimbursement policies for PET and SPECT 
procedures differ significantly across Europe, depending on 
the specific healthcare systems in place [116]. For exam-
ple, in Germany, for an ever-growing number of indications 
[117], a low-dose PET/CT scan could be reimbursed with 
rates between 649 € [118] and 775 € [119] plus costs for the 
radiotracer, whereas a SPECT examination reimburses 110 
€ [120] plus tracer costs. Being more experimental in nature, 
also the detector technologies are not yet widely available 
and acquiring them can end up being more expensive. Prices 
add to the overall cost of the procedure. Where β-probes 
could be relatively low in cost [45], clinical Cerenkov speci-
men imagers’ (product is taken of the market) costs in the 
range of 100 k€ and hybrid ex vivo PET/CT modalities for 
specimen imaging go beyond 250 k€. Meaning that for now, 
radioguidance via β-emitters substantially raises the health-
care costs. For these rises in cost to be valid, the value added 
by β-surgical radioguidance needs to be related to the (out-
come) benefit that patients receive from this form of image-
guided surgery. This calls for further cost–benefit analysis, 

Table 5  Decay and occupational exposure characteristics of the most widely used radionuclides in surgical radioguidance. Exposure data based 
in Delacroix 2002 [101]. Exemption levels are based on Council Directive 2013/59/Euratom [102]

Radionuclide Half-life  T1/2 [h] Main decay mode 
and/or emissions

External exposure—dose-rate constant Exemption levels

Activity concen-
tration [kBq.kg−1]

Activity [Bq]Point source in 1 m 
[µSv.m2.h−1.MBq−1] 
(deep tissue dose)

Contact with 
a 5-mL plastic 
syringe [mSv.m2.
h−1.MBq−1]

18F 1.83 �
+ 0.163 2.880 10 1×106

68 Ga 1.13 �
+ 0.156 31.400 10 1×105

124I 100.32 �
+ 0.172 10.700 10 1×106

64Cu 12.70 �
+/�− 0.031 0.579 100 1×106

90Y 64.04 �
− 0.000 43.500 1000 1×105

131I 192.56 �
−/� 0.066 1.130 100 1×106

99mTc 6.01 � 0.024 0.354 100 1×107

111In 67.32 � 0.089 1.220 100 1×106

123I 13.22 � 0.046 0.605 100 1×107

125I 1437.60 � 0.035 0.620 1000 1×106
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considering improved surgical outcome, potentially lower 
numbers of futile surgery and early relapses, a decreased 
requirement for additional systemic treatment, and patient-
reported outcomes.

Ethical aspects

New medical technologies should benefit the patient and 
the treating physician before finding their way to clini-
cal use. For β-surgical radioguidance, benefit needs to 
be provided in relation to safe and cost friendly �-pho-
ton alternatives which generally set the standard in rou-
tine care. This raises ethical questions about promoting 
β-surgical radioguidance technologies without proficiency 
benchmarking. On one side, one may argue that innova-
tions are the way forward in healthcare; there should be 
ample opportunity for scientists to gain insight into new 
technology’s possibilities. On the other side, performance 
evidence needs to be collected. The International Basic 
Safety Standards by the IAEA stipulate that “the minimum 
patient exposure consistent with acceptable image quality 
can be achieved by appropriate selection of the best avail-
able radiopharmaceutical and its activity” [44].The open 
question then is: Does β-surgical radioguidance strike the 
right balance? There appear to be pros and cons, but hard 
clinical evidence is lacking, raising the need for prospec-
tive randomized trials that, e.g., compare β-particle- to 
γ-photon-based surgical guidance technologies. Such trials 
need approval by local ethic committees and/or competent 
authorities, require statistically adequate number of pro-
cedures, be covered by legislation, provide insurance for 
patients, and have clear primary and secondary outcomes 
[121]. If the result of the trials is positive, the benefit still 
must be outweighed against radiation exposure and costs. 
Thus, prior to recommendation of β-surgical radioguid-
ance by scientific bodies like EANM, it will have to be 
evaluated whether the potential benefits exceed the risks 
of radiation exposure and cost issues.

Challenges and success drivers

The potential to utilize a single tracer for diagnosis, create 
a precise surgical roadmap, guide the surgical procedure, 
and monitor follow-up progress represents a compelling 
reason to actively pursue β + /β−-radioguidance. But as our 
summary indicates, this theoretical potential is counter-
balanced by substantial practical limitations (e.g., com-
plicated logistics, technical limitations, dose to surgical 

staff, and cost). Also, important to note here is that to 
date, evidence has not yet been provided that indicates 
patient benefit. That said, substantial chemical and tech-
nical advances could in the future help address clinical 
requirements while effectively tackling concerns regarding 
occupational radiation exposure. In order to hold ground 
in a more competitive clinical field, it is imperative that 
these efforts mature and amass collect robust (clinical) evi-
dence. Overall, a critical view of β-surgical radioguidance 
is required while these cutting-edge technologies mature 
to a part of clinical routine.
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