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Abstract

Purpose This systematic review aimed to collect published studies concerning intraoperative gamma detection of positron-
emitting tracers for radioguided surgery (RGS) applications.

Methods A systematic literature search of studies published until October 2022 was performed in Pubmed, Web Of Science,
Central (Cochrane Library) and Scopus databases, including the following keywords: “Positron Emission Tomography”
OR “PET” AND “Gamma” OR “y” AND “Probe” AND “Radioguided Surgery” OR “RGS”. The included studies had to
concern RGS procedures performed in at least 3 patients, regardless of the administered radiopharmaceutical and the field
of application.

Results Among to the 17 selected studies, all published between 2000 and 2022, only 2 investigations were conducted
with gallium-68 (°®Ga)-labeled somatostatin analogues, with fluorine-18-fluoro-2-deoxyglucose (['*F]JFDG) being the most
commonly used agent for RGS applications. Almost all studies were performed in oncologic patients, with only one paper
also including inflammatory and infectious findings. The analysis showed that the largest part of procedures was performed
through the intraoperative use of conventional gamma probes, not specifically designed for the detection of annihilation
photons (n=9), followed by PET gamma probes (n=35) and with only three studies involving electronic collimation.
Conclusions Regardless of the intraoperative devices, RGS with positron emitters seems to lead to significant improvements
in surgeons’ ability to obtain a complete resection of tumors, even if the nature of photons resulting from positron—electron
collision still remains extremely challenging and requires further technical advances.
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Introduction

Radioguided surgery (RGS) represents an interventional
nuclear medicine procedure enabling surgeons to identify
lesions at increased radiopharmaceutical concentration
through the intraoperative use of radiation detectors [1].
Providing real-time information regarding the location
and the extent of disease, allowing for the assessment
of surgical resection margins, as well as minimizing
the invasiveness of many diagnostic and therapeutic
procedures, RGS has gained increasing acceptance over
the years, becoming an established discipline within
the practice of surgery and revolutionizing the surgical
management of many malignancies, as well as the surgical
approach to parathyroid disease. From simple Geiger
Miiller tubes [2, 3] intraoperative detection devices have
consequently evolved to sophisticated and ergonomical
hand-held probes, providing surgeons numerical,
graphical, and acoustical feedback proportionally
correlated to radiopharmaceutical concentration
and suiting specific surgical applications, including
laparoscopic procedures [3]. According to the type of
detected radiation, the main categories of intraoperative
detectors are represented by gamma probes and beta
probes, the formers detecting photon radiation of gamma
and X-rays, the latters detecting either positively (p+,
positrons) or negatively (p—) charged electrons [4, 5].
In the last decades, there has been increased interest and
growth in clinical research concerning the possible use of
positron emission tomography (PET) radiopharmaceuticals
for RGS applications. In particular, fluorine-18-fluoro-
2-deoxyglucose (['®F]JFDG) has become an extremely
useful tool in oncology and has consequently opened
new expectations for radical surgery, becoming the most
studied positron-emitting tracer for RGS applications.
Positrons emitted from proton-rich/neutron-deficient
isotopes travel a short distance of several millimeters
within tissues before interacting with negatively charged
electrons and annihilating [6], making radio guidance
purposes with PET tracers achievable with both beta
and gamma probes. The 511-keV photons resulting
from annihilation and emitted at a 180° angle from each
other, are the basis of coincidence imaging and can be
identified with intraoperative photon-sensitive probes,
giving a close approximation of the location of positron
emission [7]. A hand-held gamma probe for intraoperative
detection of positron-emitting radionuclides was first used
in 1999 for ['®F]FDG radioguided surgery in 14 patients
with colorectal cancer by Desai et al. [8], dating back the
earliest experiences to over 20 years ago. The detection
of 511-keV photons derived from positron—electron
annihilation represents an important challenge for gamma
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detection systems and has been the focus of recent
developments specifically intended for the innovative
detection of higher energies. Probes are designed to
detect differences in radioactivity released from tumor-
bearing compared to adjacent normal tissues, providing
surgeons a tumor-to-background ratio (TBR) comfortable
with target localization [9-11]. Due to high-energy
photon fluxes, making the achievement of satisfactory
TBR extremely challenging, the gamma detection of
positron emission for RGS purposes has not found a
routine place in cancer surgery and no standard protocol
has been proposed, despite the high prevalence and the
cornerstone role of PET imaging in the diagnosis, staging,
follow-up, surveillance and monitoring of therapies for a
wide variety of malignancies [12, 13]. In this background,
the literature pertaining to intraoperative gamma detection
of positron-emitting isotopes results heterogeneous and
the development of novel technologies is still ongoing.
This systematic review aims to provide a comprehensive
overview of gamma detection of positron-emitting
radiopharmaceuticals for RGS applications. Particular
attention was paid to the characteristics and performances
of different gamma detection systems, by underlining
strengths and critical issues that emerged from surgical
practice.

Materials and methods
Search strategy and study selection

This systematic review was drawn up according to the
Preferred Reporting Items for Systematic reviews and Meta-
analyses (PRISMA) guidelines [14]. The literature research
was carried out online on Pubmed, Web Of Science, Central
(Cochrane Library), and Scopus databases by applying a
search strategy based on the following keywords: “Positron
Emission Tomography” OR “PET” AND “Gamma” OR “y”
AND “Probe” AND “Radioguided Surgery” OR “RGS”. The
search included all papers published until October 2022.
Reviews, book chapters, and editorials/letters were excluded.
The English language was mandatory for inclusion. Eligible
articles had to focus on the role of gamma probe detection of
positron-emitting tracers in RGS procedures performed in
humans, regardless of the administered radiopharmaceutical
and the field of application. Prospective studies, feasibility
studies, pilot studies, and case series with a cohort of >3
patients were included. The reference lists of suitable studies
were carefully checked to identify any additional relevant
literature.
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Data extraction and methodological quality
assessment

Data extraction was retrieved for all the selected studies
and included authors, location, year of publication, type
of study, indication to RGS, sample size, administered
radiopharmaceutical, and outcomes. Studies with
incomplete technical or clinical data were considered
ineligible. The methodological quality assessment was
performed using the Critical Appraisal Skills Programme
(CASP). Data extraction and subsequent critical appraisal
were independently performed by two reviewers and
eventual disagreements and discrepancies were resolved by
unanimous approval after discussion among researchers.

Results
Search results

A total of 124 articles were found and thus screened
by examining each abstract in order to identify poten-
tially suitable studies. From the overall group of 124, 24
reviews, 5 editorials/letters, 3 book chapters, 4 articles not
in English language, as well as 60 articles concerning RGS
procedures other than positron-emitting radionuclides
were excluded. The remaining 28 studies were assessed
for eligibility with the exclusion of further 19 papers (6
case reports/case series with less than three patients, 2
dosimetric studies, 3 preclinical studies, 3 retrospective
analyses, 4 articles involving f +detection, 1 study with
no full text available). 8 relevant manuscripts were added
after examining the reference lists of suitable articles,
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1. Was 3.Did all 5. Is the 6. Were 7. What 9. Can the 10. Can 11. Were
there a patients disease the are the results be the test be all
clear comparison | get the status of methods results? applied to applied to | outcomes
question | with an diagnostic | influenced by the tested for Consequences | your your important
for the appropriate | testand the results of population for and cost of patients/the patient or to the
study to | reference reference | the reference clearly alternatives population of | population | individual
address? | standard? standard? | standard? described? performed? interest? of or
interest? population
considered?
Desai et al. @ ®© @ . @ @ ? ? @ @ It may improve achieving
2000 complete surgical resection
Essner et al. @ @ @ @ @ @ @ ? ? e . It may be useful to assess
2001 disease status of patients
considered for surgical
resection of metastatic disease
Kraeber- @ @ @ @ @ @ . ? ? @ . It may be particularly useful
Bodéré et al. In presence of fibrous tissue
2005 subsequent to previous
operation
Nwogu et al. B B B B 7 7 B B Tt may be useful in upstaging
2006 patients
Curtet et al. © @ . ® © <] @ @ ? <] . Tt may be relevant in case of
2007 recurrence
Sarikayaetal. | @ © @ @ @ @ @ @ ? @ @ It may be useful n detecting
2007 the extent of abdominal and
pelvic recurrence

Fig.2 CASP diagnostic checklist

leading to a total of 17 articles ultimately selected for the
qualitative analysis of this systematic review. The detailed
study selection flow-chart, along with the search strategy
and the applied selection criteria, are represented in Fig. 1.

Methodological quality

The quality appraisal of selected studies is represented in
Fig. 2. All studies satisfied at least 6 of the 11 domains, with
8 out of 17 studies satisfying 9 domains. 10 studies showed
high risk in one or more domains. One of the major concerns
with selected studies was the absence of adequate follow-up
in most of them, limiting the evaluation of patients’ out-
comes. Regarding patient’s selection, RGS requires accurate
preoperative assessment, leading to unavoidable patient’s
selection, making it not always possible to consecutively
enroll subjects. It was found a high concern of applicabil-
ity in evaluating the possibilities of application of obtained
results, as it regards heterogeneous surgical procedures.
Cumulatively, the quality appraisal resulted in quite good.

Analysis of the evidence

The 17 selected papers were published from 2000 to 2022.
Most studies were conducted by authors from the USA
and Europe, with only one study performed by researchers
from South Korea. A major limitation of the various
studies was represented by the limited number of enrolled
patients ranging from 3 to 40, the latter corresponding
with the prospective study by Gulec et al. [15]. 9 papers
(52.9%) had a cohort < 10 subjects. As subjects were
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essentially cancer patients, selected studies were about
RGS applications in the oncological field, except for only
one study performed by Vos et al. including patients with
infectious and inflammation diseases [16]. Almost all
studies were performed using ['*F]JFDG, with a minority
of investigations (n=2) conducted with gallium-68 (%3Ga)-
labeled somatostatin analogues. A positive PET scan before
surgery was mandatory for addressing patients with RGS
in all studies. From the analysis of the selected papers, we
identified 3 main categories of gamma probes for RGS
applications with positron-emitting tracers: (1) conventional
gamma probes (n=9), (2) PET gamma probes (n=5), (3)
electronically collimated gamma probes (n=3). Tables 1
and 2 report the main characteristics of included studies and
gamma probes, respectively. The findings of the selected
papers for each type of gamma detector are described in the
following paragraphs.

Conventional gamma probes

Most published studies concerning RGS procedures with
gamma probes for the detection of positron-emitting tracers
have been performed through the intraoperative use of
conventional gamma probes, not specifically designed for
the detection of annihilation photons, including the two
selected studies involving a radiopharmaceutical different
from ['*F]FDG.

Among this heterogeneous group, the most studied malig-
nancy was represented by colorectal cancer, with two stud-
ies performed exclusively in this setting of patients and one
study also included patients with melanoma in the cohort. In
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s s § 2 s p and not palpated on inspection [19]. Conventional gamma
£ = 52§ . .
38 £ 8 § ~ B f probe performances have also been evaluated in patients
i/ %D g :\\ %f § E P with radioiodine-negative differentiated thyroid carcinoma
@8 5o ES® N £ = in two different studies both performed by French Authors.
In 2005, Kraeber-Bodéré and colleagues demonstrated the
2 successful identification of all lesions reported on preopera-
= . tive imaging in all ten enrolled patients but reported how
o B & . .. . .
2z 5 five patients had additional microscopic lymph node metas-
zZ ¢ p pic lymp
g2 — tases with low uptake missed by both preoperative imagin
E9 o o o) o0 P Y preop: ging
g Ss|lo¥ ol ©OE © % and gamma probe [20]. Similar findings were subsequently
£ .: o= ~ l{? . .
gE & EQ o 2 22 = 28 reported by Curtet et al., in a comparative study performed
SSE|= Q< E o= N - e with two different conventional gamma probes, one with a
K sZS | —o o [} N <t g p
» bismuth germanate (BGO) crystal, and the other with a thal-
g Y
ﬁﬁ c‘;/ 5 = g % lium-activated caesium iodide (CsI(T1)) scintillating crystal,
E g S 8% £z 5% both previously tested in vitro and both failing in detecting
s 2 s FzZ . . . .
§ g9 83 B 3 ERS small additional lesions revealed through histopathologic
ol = = 8 @2 a8 v 3 . .
5 3 o E 2 R examination [21]. In 2006, Nwogu and coworkers tested the
2¢ |23 5582 £ o > T
s .3 i%g £ 8 g iébj éé g capability of a conventional gamma probe in identifying
= 2 L85 5 g . . . .
58 g 23 S22 82 & - metastatic lymph nodes in ten patients with Non-Small Cell
= £ g 588352 3 .
E § £ > = g==2 e Lung Cancer (NSCLC) [22]. In particular, they focused on
the role of RGS in detecting micrometastases, thus resulting
El El in upstaging of patients. Three out of five positive findings
g 5 were negative at routine H&E but resulted positive after
= 3 ] ; i ili
S 4 o Z ultrastaging, demonstrating the capability of the gamma
S ! ‘5 L . .
g 5 éo % g probe in identifying micrometastasis. However, Nwogu et al.
E § g = g reported three false-positive and two false-negative results,
- o o N a due to inflammation and proximity to the primary tumor,
p y p y
5 respectively. A case series of three recurrent ovarian cancer
Q . . .
E ) ;32 patients was published in 2008 by Cohn et al. reported the
§ = = ) Li detection of additional retroperitoneal metastasis obtained
o = . .
= g a g = g with a conventional device in one patient [23]. Two stud-
@ % £ 8 5 B = ies were performed in patients with gastroenteropancreatic
2 s = 38 . .
Sl 3 % 3 3 S = neuroendocrine tumors (GEP-NETs) using %®*Ga-labeled

@ Springer



Clinical and Translational Imaging (2023) 11:567-585

575

somatostatin analogs. One of the main concerns in this set-
ting of patients is represented by recurrent laparotomies
leading to multiple adhesions and altered anatomy, which
make extremely challenging the localization of malignant
tissues and thus RGS particularly useful. In 2011, Kaem-
merer et al. published a pilot study involving nine patients
with primary or recurrent GEP-NETs using either [*®Ga]
Ga-DOTANOC and **Ga-DOTATATE [24]. Subsequently,
Sadowski and colleagues tested the performances of a con-
ventional gamma probe in detecting [*®Ga]Ga-DOTATATE
avid lesions in a cohort of 14 patients with GEP-NETs [25].

PET gamma probes

Among the overall group of selected studies performed
with PET gamma probes, two papers involved patients
with heterogeneous malignancies. This category included
the prospective study published in 2006 by Gulec et al. and
involving 40 patients. The authors, after an accurate in vitro
analysis of both sensitivity and spatial resolution, reported
the successful identification of all [18F]FDG—PET—positive
lesions, along with the detection of additional retroperitoneal
foci and demonstrated the usefulness of the device in the re-
exploration of the surgical bed after excision [15]. In 2009,
Molinaa et al. confirmed the utility of using a PET gamma
probe for navigating into scar tissue and for the confirma-
tion of complete disease removal [26]. In 2010, Kim et al.
published a pilot study involving 12 patients with differen-
tiated thyroid cancer undergoing RGS with a PET gamma
probe. The intraoperative device allowed the detection of
all lesions demonstrated by preoperative PET, of additional
sites in some patients, and a non-palpable, metastatic lymph
node in the deep superior mediastinum not revealed by both
PET and neck ultrasonography, after re-exploration of the
operative bed [27]. Three patients with breast cancer were
submitted to RGS with a PET gamma probe for both locali-
zation of primary tumors and evaluation of lymph node
metastases by Orsaria and coworkers in a case series pub-
lished in 2017 [28]. After a same-day PET scan performed
before surgery, RGS confirmed preoperative findings in one
patient, and localized additional nodal disease in another
case, but showed low accuracy in the identification of nodal
micrometastasis in the remaining patient. A PET gamma
probe specifically designed for the detection of 511-keV
photons released from the decay of '°F (Fig. 4) has been
recently chosen by Rinehardt and colleagues in a prospec-
tive study involving pediatric patients with different cancers
and published in 2022 [29]. As thoracic phantom models
revealed an extremely low TBR, the PET gamma probe was
not used for intraoperative navigation, but only for an exter-
nal survey ex vivo.

Gamma probes with electronic collimation

In 2010, de Jong and colleagues reported their experience
of RGS in three patients with retroperitoneal testicular
tumor recurrences [30]. The major concern in this setting
of patients is represented by the presence of extensive scar
tissue derived from previous surgery and often located in
strict proximity to vital structures, making extremely difficult
the discrimination between tumor and fibrosis, as well as
surgeon’s task. In one out of the three patients, the detector
allowed for the localization and subsequent resection of an
additional tumor with respect to preoperative imaging.

Subsequently, the use of an electronically collimated
device enabled Vos and coworkers to identify and excise all
suspicious clinically occult ['®F]FDG accumulating lesions
in nine consecutive patients with oncological, inflammatory,
and infectious diseases [16]. A manuscript published in 2011
by Garcia et al. focused on the role of preoperative ['*F]
FDG-PET imaging in selecting the better RGS procedure
and concluded how in their cohort of patients positron-
emitting radioguidance with an electronically collimated
gamma probe, represented a valuable tool in case of multiple
lesions not easily accessible for radioguided occult lesion
localization (ROLL) [31].

Discussion

Surgical resection represents the only curative treatment
option for many patients with different malignancies.
Unfortunately, a significant number of subjects may have
undetected preoperative disease or residual low-volume
tumor foci after surgery. Both of these conditions signifi-
cantly affect complete tumor removal and thus prognosis.
In this scenario, RGS offers the possibility of guiding the
surgeon to the specific site of disease for targeted excision,
enables the verification of complete removal by checking
both resection margins and surgical bed, permits ex vivo
assessment of disease eradication, and may allow the iden-
tification of additional foci not detected on preoperative
imaging. Sentinel lymph node biopsy [32], radioguided
occult lesion localization (ROLL) [33], minimally inva-
sive radioguided parathyroidectomy (MIRP) [34], detec-
tion of neuroendocrine tumors [35], localization of neuro-
blastomas and pheochromocytomas [36, 37], radioguided
seed localization (RSL) and radioimmunoguided surgery
(RIGS) procedures [17, 38], represent the most common
RGS applications with low and medium-energy gamma-
emitting radionuclides. Since the last decades, PET imag-
ing has played a key role in the management of differ-
ent kinds of malignancies and has continuously evolved
following the development of more sensitive detection
systems, as well as the evolution of computerized image

@ Springer



Clinical and Translational Imaging (2023) 11:567-585

576

dN

dN

MOpulm A9Y-0T
B pue A9Y 061 JO ploysany) £31ouo ue
Sursn wo [°QF £'] 1e paziwndo sem
JUAWIAINSBAW ANHMA YL "99In0s
jurod ay) woy 06 STXe Teaul] & Suofe
92IN0S UoTRIPRI AY) WOy (Wd ()[—()
SOOURISIP 2AISSIINS Je pauonisod
sem 9qoid oy, "A9Y (T JO mopuim
pue A9 061 Jo A3IoU0 ploysaIy) Jos €
s paziundo sem oqoid oy, "AS1ouo
A-11S 2y} Jo uonoep ayy aziundo
0) smopuim A3I1ous pue SploysaIy)
SNOLIEA 18 195 9qoId 9y} WoI1j SAoURISIP
J[qeLIBA JB PAUIULID)IP SeMm J)el JUNOd
SqL “(Ju g ur DAd[dg, ] w/ow £:0~)
9dAld,,] Jo 20mos jutod ayy oz1[es0]
A[91eInooe 0) pajeIqred sem 9qoxd oy,
srerijew isodwod
J[qe[IeAR AJIpEAI JO SN Y YIM
Jqrssod sem sanssn Jo Jurp[aIys ey
pue [euSIs punoIgyoeq snosuafouwroy
B Jsurede uoAd UONB[NWNIOE OAdldg,]

Y31y jo suor3ar 3unoviep jo d[qeded sem

2qoid o) Jey pamoys sjopour wojueyd
[eauojirad YIIM SQIPMIS [RUOHIPPY
"POPpE sem PIaIYS aU) Usym 000¢ 03

0009 woxy pue SUIP[aIYs INOWIM (0G0

01 000‘0Z WOIJ SJUNOJ S-7 Ul ISBAIIIP

Ur paj[nsal A9 00T O3 ¢ woly
SunIes MOpPUIM JOMO] ) JO Jusunsn(py

VN

J0JR[[IIUIdS O3

VN

A9 §GT Te JuRISUOD
jdoy mopuim A310ud 1oddn ‘A9 00T
pue ‘0GT ‘pg1 :sSumes mopurm
A310u9 JoMOT *(wwr §°() 2xmrade jo
JIO)OWERIP PUB ‘W §7 9Seq Je Jajouelp
‘wrwr (¢ Suar) oqoid a3 jo uontod
10309)9p 9y} 10A0 paderd prorys
[eUINX? Ue Jo asn Ay PIim pazrundo
Sem UOTIRWI[[0O [RUISIXF "TeISKI0
OPLIN[[9)-OUIZ-WUNIWPED © SUTBIUOD
PUE JOJOWEIP UJ WW || SAINSBIU
syuowInISuI Ay} Jo uoniod 1030930p Y,

9qoxd (IN Koswrey ‘oauide)) aqord
9AT)ISUQS-ABI BWWES [RUONUSAUOD)  BUIWIES [BJISINS P[OY-PUBY [A poUILIBD)

aqoxd QOURIL] ‘9))9A X -INS-JID) ‘LILR(]
9ANISUAS-ABI BWWES [RUOTIUIAUOD) /SLIQ -IOJIUOJA] UOLIRZI[ROO] 7 O[POJAl ‘[ 19 I9pog-Iaqaery]

aqoxd (VO ‘mH

JATISUSS-AeI BWWES [RUOTIUSAUOD) UBSIOIA ‘[BOIPIIN 9SIMIRD) YorI]-D) ‘[e 19 Ioussyq

9qoxd (HO ‘urqn( ‘uvonerodio)

JAT)ISURS-AeI BWWES [RUOTIUSAUOD) 9qo1doay]) [epounl0Q] 2qoidooN ‘Te 19 resaqg

sorpnys wojueyd Jo [eo1uI[daIg

sonsL)ORIRYD)

adAy, 9qoig ERM N

soqoid ewiwes Jo sonsLvoeIRy) g d|qeL

‘Te 30 nSomN

pringer

Qs



577

Clinical and Translational Imaging (2023) 11:567-585

dN

dN
dN

dN

9L Pue [¢]

CC pue 88
‘pdep

ww ()¢ pue O] ‘A[oanoadsar 98 YNS
(pdep

w01 Je [eusis oyl Jo %) b s ¢

(pdap wu o

1e [euSts oy Jo %4 1) (_baN |_s 11

:ITe Ul SUIp[RIYS opIs Y3noIy) AJANISULS
Joyem ur,_bgN ,_s 91 01 /T

wol pue Ire ut ,_bgy ;_s 9¢ 01 1§ woxry
Toem ur | DN |_S $L€ 01 $8%'T woxy

pue ire ur | _bg |_s T4 01 18 Wol]

:pdop wwr (¢ pue O] 18 ANADISUSS

ww 9 1 +9°Qf 0} Wt '] +7°0T Wwol]

€1+ 6601w $°(F9°QT Wolf

‘ypdop wiw Oz 01 () woly WHMA

UOo109[s OpI[ONUOIPEI
oyroads (s A9 16 Ie Afiqedes
uor0939p PIm 3qoxd ewrwres AS1oud
-y31y /UOT}OJ[AS 9pI[oNUOIpEI dy1oads
mim A 116 Je Kpiqedes uonoaloq

bgianysdo
000T Jo KIATISUSS A (81 10F 105

sem mopuIm A3IoUQ JToMO[ AU, "W 7§

Jo (33ua] B pUR WW ()] JO SSAUNIIY)
[rem & s ((wo/3 /] AJIsuap ‘uoi
PUE [9OIU %01 1M udAsTun %06

(IHAVIIL) [eHerew u9)sSun) poIajurs

JO JOJRWI[[0d [eJTURYISJA “opoIpojoyd
' pue (ww § :P3u9[ ‘Wl 4
119JoWRIP) [eISK10 uone[[nuIds (LL)ISD

VN

VN

suojoyd uoneyruue

AD-116 o5ewr 0) pauIIsap ‘ssouyory)

JO WW 9 puB JAJOWERIP UT WW [

JOJRWIT[[0D U)SIUN] S[qBAOWIAI

B )IM (I9)oWRIp Ul W / “Yory)

ww 1) [eIsA1o Sune[[nuds ((LISD)
9PIPOT WNISOLD PIJRATIOR-WNI[[RY],

DA4[dg,] Jo asn oyy 10) payewtfjoo

A[reoyroads jou (yory) ww /)

JIojewI[[od Ao[[e pes[ pue uvjs3un e

pue ‘(I9)oWeIp Ul W ¢ YOIy} W 1)
[®18£10 (0D ) deuBWIdG YINWSIg

aqoxd

QANISUSS -Ae1 ewrwre3 [euonuaAuo))

aqoxd
JANISULS-AeI BUIWES [BUOIIUSAUOD)

9qoxd
QANISUSS-AeI BUIES [EUOTIUSAUO))

aqoxd
QATIISUQS-ABI BUIWUES [BUOT)UIAUOD)

saqoxd
QANISUSS-AeI BUIUES [BUOIIUSAUOD)

(VSN ‘HO ‘urgn( ‘uonerodio)
9q01doaN {00EZ [opow) 10109)9p
ewrwes proy-puey 2qordoaN

(Auewron) ‘urprog
‘HquID) IOSUIS UODI[IS) JOpul] BWWRD)
oy ‘urgng ‘uonerodio)
aqoxdoap] ‘yrun (pZo°u 2qoidoaN
(orgQ ‘urpqn(q ‘voneiodio)
9qoxdoay)) 1un (pOzoau 2qordoaN

(oourL] ‘pUBIIS]
juouLIa))) ‘peIs))) dngewwen—
(9oUBI] ‘9[qOURID) “O3[AAON]) ZO[OPOIN—

‘Te 32 D{SMopes

“Te 19 IoIoWar Y
‘Te 19 uyo)d

‘Te 10 eAeyLIRS

Te 39 1930

sorpnys wojueyd Jo [eoTuI[oaI]

sonsL)ORIRYD)

adAy,

9qo1d

90IN0S

(ponunuoo) zsjqey

pringer

a's



Clinical and Translational Imaging (2023) 11:567-585

578

SUOIS9[
pare[nuwis 9ziedo[ 03 2qoid 1Hd 9y) Jo
Aypiqeur ue SuneoIpur ‘punoidyoeq HAA
[dg ] ompp urun 911 38 (11°1-90°1
d3uer) /('] Afuo sem saroyds ay) Jof
Y.L UBIPIN "1D-1Hd U0 ¥ JO AN1S Ue
Surpraoxd (qu/bgy (°9) uonnjos DA
[dg,] omyIp yum K)1AeD d10RI0Y) )
SuI[y 19)je pue PUNOISYORq QANOBOIPRI
JO 90uasqe ur y3oq pawIoyrod orom
syuawRINSEIN (Ju/b gy $7) DAAl,,]
JO UOmNJOS PAJENUIOUOD B M PI[[Y
(Wd 0'g—L’0) SI9IPWERIP J[qQBLIEA JO
saroyds 9 Sururejuoo [opowr wojueyd

OI0RIOY) B UI POISI) Sem 9qoid o[,

dN

dN

dN
A[eAnoadsar
‘sapIs yoeq pue Juoij s,2qoid oy 10§
%t"€ PUR 9%¢°T 9I0M Q0INOS WO- B pUL
9omos jutod wiw-T & yym (dn oy e 9jex
JUNOD WNWIXEW ) 0 IS ) Ik el
JUNOD WNWIXEW ) Jo onjer afejuadrad
o)) uonenauad apig “dn oqoid oy Je
wur § Jo NHM Ue pjesipul 9AInd
uonnjosal [eneds oY) Jo SISATeUy "W |
Je 1Q1/puod9s/gsz pue dn aqoid oy
1 IDN/Pu0d3s/Ot4] 2q 03 PAUIULIAIOP
sem Ayranisuas oy, ‘A[eanoadsar ‘dn
9qoxd 2y} JO JUOIJ UT WO | PUE () Je
puo29as 1ad s;UNod OO1‘G PuB 008‘ST
papIooar 2qoxd sy ‘Jg; 1M 0T JO
201n0s Jutod € pue A9Y ]G UO PINUID

MOPUIM %07 © [3Im 195 2qoid & Jursn

Ky1reuonoaap
QOUBYUD 0} SUIP[IYS [BUIAIU]

A 061

JO PIOYSaIY) B PUR ‘%()7 JO MOPUIM

B ‘A9Y 116 Jo yeadojoyd e 10y 308

19zATeUR (SUIp[IYS UAYSTUN) WW G'7 |
‘TBISAID 9)BIIISOYII0AXO WNIUI[OpED)

ww L] Jo {3ud]

)IM I9JWRIP UI W G| S[puey ‘YSu9|

Ul W ()¢ pue JOJOWeIP Ul W ¢¢
Surp[arIys ‘ww ()] JO I9joWRIp 3qOIJ

VN

u0a3Ins Yy Aq pI[pury AJISe SI

pue 3 01 sySrom 2qoid Y], "IjoweIp

pue ww ZT & s dn [eoruoo-rwes

B pUB WW G JO SSAUNOIY) WNWIXeW

© sey 1 ‘Aeuonoarip 9jenbope

Suraey o[Iym sTeonnadewIeyd

pafeqe-dy, Jo suojoyd AT 19930p
Apuaroyge 0y pausdisap st aqoid ayJ,

9qoid ewrwe3 194

aqoxd ewrwes 14

aqoxd ewrwes 14

oqoid ewrwed 1Hd

(VSN ‘HO ‘Meuurour) ‘owojourueA)
9qoid §1-J A31oug y31H 2qoidoaN

VSN VD SIIH
UBSIOJA ‘[eOIPSIA 9SIAN 2I8D)

(VD ‘so[e3uy
SO ‘areoyi[edy gO) I9y99S9PON
BIwIoji[eD
‘go/3urdewr] esrpawrenuy oqoid 194

(VD ‘so[e3duy so1

aqoxd ewrwel 14 ‘DT SurSewy [eotpajAenU]) 2q01J-Lad

‘e 30 JpIeyaury

“Te 39 eLIBSIO

Te 30 wry

‘& 33 CRUI[O]A

‘Te 32 09[nD

sorpnys wojueyd Jo [eoTuI[oaI]

sonsL)ORIRYD)

adAy,

9qo1d

90IN0S

(ponunuoo) zsjqey



Clinical and Translational Imaging (2023) 11:567-585

579

Table 2 (continued)

Preclinical or phantom studies

Characteristics

Type

Probe

Source

NP

NA

Gamma-probe with electronic

y Locator DXI, GF&E Tech GmbH,

de Jong et al.

collimation

Seeheim, Germany
Gamma locator DXI GF&E

FWHM of the probe in the study

Csl (T1) detector surrounded by 4

Gamma-probe with electronic

Garcia et al.

with phantoms of 21.36 and 45 mm
at a distance of 0.10 and 17 mm,

respectively (R?: 0.9983)

NP

similar detectors

collimation

Outer diameter: 23 mm, length: 38 mm,

Gamma-probe with electronic

Y-locator DXI 511 (GFE, Darmstadt,

Vos et al.

weight: 330 g. Five scintillation

collimation

Germany)

crystals are mounted as an upside-

down pyramid, whose base is formed

by a layer of semiconductor diodes and
additional electronics. Sensitivity of 30

cps/kBq for 18F

NA not applicable, NP not performed

Fig.3 PET/CT fusion image on transaxial section demonstrating a
hypermetabolic lesion (SUVmax: 8.2) in the segment 6 of the liver
(arrow), not detected by gamma probe. Final pathology was consist-
ent with colorectal cancer metastasis

analysis and the diffusion of new radiopharmaceuticals.
Among PET tracers, ['®F]FDG represents the most effec-
tive imaging agent [39—41] having the advantage of being
trapped inside malignant cancer cells, thus enhancing its
use for tumor localization [42]. The uptake of ['8FIFDG
in most tumor tissues is based on the increased glycolytic
rate. After entering tumor cells through glucose trans-
porter-1 and 3 (GLUT 1 and GLUT 3) and undergoing
phosphorylation to ['*F]JFDG-6-phosphate by hexokinase,
['8F]FDG-6-phosphate accumulates due to slow dephos-
phorylation and to the fact that it cannot be utilized in
the metabolic steps of glycolysis. '*F molecule undergoes
radioactive decay with slow release of f + particles (short
range of 0.5-1.0 cm) and gamma rays which can travel
several centimeters through tissue [43]. Different studies
have demonstrated the superior sensitivity and specific-
ity of ['®F]JFDG-PET imaging in comparison with other
conventional techniques [44—46], making the possibility
of extending its applications to RGS extremely appeal-
ing. Intraoperative radioguided resection of all ['"*F]FDG-
positive tissue may ensure for more complete removal of
the tumor burden as compared to the surgeons’ visual and
hands-on approach of assessing and resecting presumed
sites of tumor. In addition, intraoperative detection might
help overcome the limitation of current generation PET
systems in detecting small-volume disease [47]. The capa-
bility of a gamma probe to detect a lesion depends on
several factors including the tumor avidity, the time from
injection to probe survey, the clearance kinetics, the loca-
tion of the lesion in particular in case of proximity to sites
of physiologic uptake, and the technical characteristics of
the probe, all ultimately determining surgery results.
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Fig.4 PET probe system for clinical intraoperative use. a Hand-held
probe capable of detecting high-energy photons, b neoprobe gamma
detection system control unit with gamma counts per second (cps)
readout (Mammotome, Cincinnati, OH, USA)

The first experiences of RGS with positron emitters date
back to 20 years ago. To our knowledge, the most consistent
RGS experience has been reported by Povoski et al. in a
single-institution retrospective review involving 145 patients
submitted to a multimodal imaging and detection approach
to ['"*F]FDG directed surgery for known or suspected
malignancies [48]. This work involves the largest cohort of
patients until now and thus deserves to be mentioned even
if not included in this systematic review due to the lack of
specific technical data concerning intraoperative detection
devices. Conventional gamma probes have been used for
intraoperative detection of annihilation photons, but their
performance remains below expectations. The major
concern with applying currently available gamma probes for
intraoperative localization of positron-emitting tracers is that
these devices are not designed for the detection of the high-
energy gamma rays derived from positron—electron
annihilation (511-keV) but of low or medium-energy gamma
rays such as 140-142 keV of technetium-99 m (*™Te), 171
and 247 keV of indium-111 (*''In), 159 keV of iodine-123
('21), and 35 keV of iodine-125 (**°I). The greatest obstacle
to the use of these devices is theoretically represented by the
rapid decay of the 511-keV photons to lower energy species
which produces an artifact decreasing the directionality of
probes. However, most published studies have demonstrated
the usefulness of conventional surgical gamma-ray-sensitive
probes for detecting the emission of the decay process of
positron emitters, showing capabilities of detecting
differences in radioactivity released from tumors and
adjacent normal background in most cases and thus
identifying most tumors demonstrated by preoperative PET.
Moreover, in some papers, the use of conventional devices
allowed for the identification of additional lesions, not
revealed in preoperative PET scans. Nevertheless, some
limitations have emerged from these studies, partially
correlated with ['®F]FDG properties, and partially to the
characteristics of conventional gamma probes. A major
limitation of ['®F]FDG-PET imaging is represented by the

@ Springer

limited sensitivity for the detection of tumors showing a low
metabolic activity [49]. As previously reported, Desai et al.
failed in the identification of a recurrent mucin
pseudomyxoma-producing tumor that is relatively acellular
and presents few cells incorporating and metabolizing the
['8F]FDG [17]. This tumor had been previously detected on
PET imaging, but probably it changed from a cellular form
to a mucinous debris one during the time interval between
imaging and surgery. Such eventuality, may put the attention
on the opportunity of performing preoperative imaging on
the same day of surgery or, if not possible, to perform an
additional acquisition of the surgical region immediately
prior, as performed by Kaemmerer et al. [24]. Sarikaya and
coworkers managed the identification of mucinous tumors
with low uptake and previously visualized on preoperative
PET scan, underlining how the surgeon's ability to position
the intraoperative conventional gamma probe in close
proximity to sites of suspected tumor recurrence, may
ultimately make intraoperative detection more efficient,
particularly in such cases [18]. In this regard, it is worth
considering that the main advantage of intraoperative
gamma probes over preoperative PET imaging is the ability
to have the device in close proximity to the suspected site of
disease, as demonstrated by Barber et al., who showed that
a sodium iodide-based scintillation probe placed within 1
cm of the tumor was more sensitive in detecting small, deep
lesions than a gamma camera [50]. Such considerations
might explain the detection of a liver metastasis visualized
on ultrasound but not found on preoperative imaging and not
palpated on inspection, successfully performed by Essner
et al. even in presence of high physiologic liver background
[19]. Also of note is the fact that ['*F]FDG is not cancer-
specific, and resultant physiological uptake into benign
tissue processes, such as infection and inflammation, may
lead to false-positive findings, as shown by Nwogu et al.
[22]. The authors also reported the difficulties in
differentiating ['®F]FDG activity signals of the primary
tumor from those of peritumoral lymph nodes, thus leading
to false-negative results and consequent understaging,
eventually preventing patients from receiving adjuvant
therapy. In both studies performed in patients with
radioiodine-negative differentiated thyroid carcinoma,
additional micrometastases not detected by both PET
imaging and intraoperative conventional gamma probes were
confirmed after histopathologic examination. Both papers
underlined, however, the utility of conventional gamma
probes in verifying the complete surgical resection of all
detected foci [20, 21]. To further assess the surgical removal
of known involved tissues, in their case series of three
recurrent ovarian cancer patients, Cohn et al. performed a
10-min PET/CT scan of resected specimens and processed
and reviewed images for the presence of hypermetabolic
foci, prospecting the usefulness of immediate postoperative
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patient PET imaging to confirm the absence of residual
metabolic foci after resection [23]. As reported by Curtet
and colleagues, the spatial resolution obtained with
conventional gamma probes when detecting positron
emitters is significantly much lower than reported in other
studies with lower energy emitters, making it impossible to
distinguish two foci located close to one another, specifically
less than 2 cm with the conventional gamma probes
compared in their study, thus potentially representing a
dramatic drawback [5]. One of the major concerns with
conventional gamma probes is represented by the
achievement of satisfactory TBR, since they have small
detectors, that detect only a fraction of 511-keV photons,
and are equipped with side and back shieldings not designed
to stop 511-keV, making them sensitive to radiation from
both adjacent tissues and distant organs with high
physiological activity. A minimum TBR of 1.5-to-1 has been
suggested to make surgeons comfortable with targeted tissue
localization [11, 15, 51]. However, different authors have
underlined how it represents an arbitrary and fixed ratio
potentially affected by several factors, including tumor tracer
uptake, background activity, and type of detection probe
system used for making counts per second measurements.
Such considerations have lead Kraeber-Bodéré et al. to
consider positive a TBR higher than 1.3 in their study for the
detection of thyroid carcinoma metastases with a
conventional gamma sensitive probe, owing to the high
vascular background activity 1-2 h after ['®F]FDG injection
[20]. In an attempt to overcome the possible limitations of
this fixed ratiometric threshold method, the three-sigma
statistical threshold criteria for gamma probe positivity,
previously used for RIGS by Thurston and Burak [52-54],
have been recently suggested by Chapman et al. to improve
intraoperative in situ identification of ['F]JFDG-avid sites
[55]. According to this method, all examined areas with
counts greater than 3 standard deviations above background
counts should be considered abnormal tissue and excised. In
arecent paper, Povoski et al. [52] reported the example of a
gamma detection probe prototype that can greatly benefit
from the three-sigma statistical threshold criteria, the
K-alpha probe [56], a device that detects secondary, lower
energy gamma emissions resulting when a thin metal foil
plate, typically lead, is placed between a cadmium-zinc-
telluride crystal and a source of gamma emission, such as
['®F]FDG. The three-sigma statistical threshold criteria have
also been chosen by Sarikaya and colleagues in their RGS
study for the identification of FDG-avid tissues in colorectal
cancer patients with a conventional gamma probe [18].
Recently, there has been the appearance of hand-held gamma
probes specifically intended for attempting to detect 511-
keV photons, generally referred to as PET probes. In their
study performed in patients with heterogeneous
malignancies, in largest part melanomas, Gulec and

colleagues managed to disclose target lesions in 11 patients
with negative initial surgical exploration [15], and detect
additional retroperitoneal lesions not seen in preoperative
PET study through the use of a PET gamma probe. In
accordance with most of the literature data, an in situ TBR
of 1.5:1 or greater was considered a positive probe-detection
criterion. The researchers separately reported the mean
in situ TBR for melanoma, colon cancer, lymphoma, and
breast cancer lesions as an individual type of tumor may
present different ['®F]FDG uptake. In 2009, Molina et al.
performed an RGS study involving nine patients with
different malignancies by successfully using a PET gamma
probe to localize and remove ['®F]FDG-avid lesions in the
head and neck, chest, abdomen, and retroperitoneum [26].
Their results have been confirmed after adequate follow-up.
Despite the use of a dedicated PET gamma probe, Kim et al.
[27] were not able to establish a precise, meaningful cutoff
of TBR and considered a value greater than 1.3 the positive
threshold for differentiated thyroid cancer RGS, according
to the previous work performed by Kraeber-Bodéré et al.
with a conventional device [20]. Kraeber-Bodéré and
colleagues also explained the necessity of correctly
positioning the PET gamma probe perpendicularly on the
suspected lesion to avoid TBR to decrease, thus leading to
regrettable false-negative results. The problem of false-
positive findings also represents a not negligible drawback
in their setting of patients during evaluation of level II lymph
nodes which are located close to the submandibular gland
and pharynx, having a physiologically high ['*F]FDG
uptake. In their case series of three patients with breast
cancer, Orsaria et al. [28] confirmed low accuracy in the
detection of micrometastasis, in line with findings reported
with conventional gamma probes [20, 22]. In a recent work,
Rinehardt and colleagues reported a mean TBR of 1.07 in
their thoracic phantom models, indicating an inability of the
PET gamma probe to localize simulated lesions [29]. As in
absence of a control arm, the preclinical phantom model was
critical for probe validation, in their cohort of eight pediatric
patients with primary, recurrent or metastatic cancers, the
PET gamma probe was not used for intraoperative
navigation, but only for an external survey ex vivo. It is clear
that achieving satisfactory TBR remains a major concern,
even with PET gamma probes specifically designed for the
detection of annihilation photons. Attempts at improving
current probe performances by increasing collimation to
provide better spatial resolution and by creating crystal
geometry of sufficient diameter and thickness to capture a
higher percentage of photons would result in cumbersome
devices prohibitively large, heavy, and expensive [3, 52, 56].
To overcome these physical barriers, engineering efforts
have moved toward alternative directions. Innovative devices
with active electronic collimation have been successfully
applied to intraoperative hand-held gamma probe designs.
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Such devices are represented by multi-detector systems able
to focus on the target through the parametrization of the
count rates of multiple scintillation crystals, not requiring
mechanical collimation. In particular, the central crystal
preferentially detects the activity of the lesion, while the
concentric detector ring principally detects background
activity. Thus, the electronic collimation locates the target
through special algorithms. An innovative prototype based
on these features and designed to overcome the limitations
of passive collimators has been developed by the team of
Sapienza (Fig. 5) [57] and recently tested for MIRP with
positive results [58]. The same team also holds the latest
Italian patent for a scintillation probe with active collimator
specifically intended for laparoscopic applications (Italian
patent application n102021000023963 PCT/
1B2022/058698), positively evaluated at European level. In
the field of RGS with positron emitters, Vos et al. in 2016
successfully used a multi-detector probe with 5 scintillation
crystals to allow a definitive histopathological diagnosis in
both oncologic patients and a subject with clinical signs of
infection [16]. Previously, in a case series of three patients
with retroperitoneal testicular tumor recurrences, De Jong
and colleagues had, however, underlined how, despite
electronic collimation outperforming traditional mechanical
collimated probes, improving surgical resection margins in
fibrotic areas remains difficult [30]. Similarly, Garcia et al.
in a previous study on phantoms revealed how background
interference continues to be the principal disadvantage even
with these devices, and did not manage to intraoperatively
locate all of the metabolically active lesions seen on PET
scan [31]. Garcia and coworkers underlined the limitations
of using a fixed TBR not accounting for both the specific
study region and the depth of lesions, and put their attention
on the timing between injection and intervention. As the
metabolism of the ['®F]FDG is different between normal
tissues and tumors, with the latter presenting greater
entrapment, TBR increases with time. However, to have a
sufficient number of counts, the time window is 3—4 h in
case of injection of 370 MBq, given the 110 min mean half-
life time of '®F. The timing of tracer injection relative to
surgical access of the target lesion is especially important in
the setting of reoperations, as lysis of adhesions can take a
long time before arriving at the target and may be

Fig.5 The GonioProbe devel-
oped by the team of Sapienza. a
GonioProbe prototype: current
version, b current GonioProbe
detection head: SiPM photode-
tector and detector assembly

N
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particularly critical when using radionuclides having a half-
life significantly shorter than '8F. Such considerations have
been reported by Sadowski and colleagues in their study
performed on patients with GEP-NETS using a conventional
gamma probe for the intraoperative detection of ®*Ga-labeled
somatostatin analogs, due to the 68 min half-life of [%8Ga]
Ga-DOTA peptides. Sadowski et al. reported high correct
identification of gastric and small bowel neuroendocrine
tumors, including mesenteric lymph nodes, but found a
lower detection rate for primary pancreatic lesions and peri-
pancreatic lymph nodes, as well as liver metastases [25].
Similarly, Kaemmerer and coworkers, successfully identified
small lesions of 0.5 cm and more tumor foci as compared to
both preoperative PET imaging and surgical palpation, using
a conventional gamma probe for radioguidance [24]. Both
studies underlined the usefulness of RGS in patients GEP-
NETs presenting with scars and fibrosis from previous sur-
gery but recognized some limitations in the detection capa-
bility due to high physiologic retention of
radiopharmaceutical in the liver, kidney, spleen, and
pancreas. At present, most literature data concerning RGS
with positron emitters, regard procedures involving ['*F]
FDG, with only a limited experience with ®*Ga-labeled
somatostatin analogues. However, as PET with %8Ga-labeled
somatostatin analogs has shown to be more accurate than
other agents for detecting GEP-NETs and has gained an
important role in the clinical management of GEP-NETs
patients [59, 60], the possibility of using this radiotracer for
RGS is extremely promising. Similarly, RGS procedures
based on ['*F]Fluorodihydroxyphenylalanine (['*F]FDOPA)
uptake could represent an additional weapon against
medullary thyroid carcinoma recurrences, as reported by
Evangelista et al. [61] and subsequently shown in a case
report by Lopez-Goémez et al. [62]. We could assume that
improved tissue specificity by novel radiolocalizing agents
could provide highly specific intraoperative guidance.
Overall, published studies demonstrated a consistent
performance of intraoperative gamma probe detection over
broadly dispersed tumor histologies, variable anatomic
locations, including cervical, intra-abdominal, and intra-
thoracic operations, different settings of patients, from
reoperations to pediatric subjects, and different
intraoperative gamma detectors, from conventional devices,
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to PET gamma probes and electronically collimated
prototypes.

Conclusion

Combining PET imaging with intraoperative radioguided
approaches to detect positron-emitting radiopharmaceuti-
cals should lead to significant improvements in surgeons’
ability to obtain a complete resection of primary, recurrent
or residual tumors. However, due to the nature of photons
resulting from a positron—electron collision, acquiring a
focused signal with gamma probes still remains extremely
challenging and presents several critical issues. Despite the
encouraging and favorable results, published studies have
not provided sufficiently optimal evidence and RGS based on
positron-emitting tracers has not gained a widespread use,
being performed in only a scarcity of centers throughout the
world. Changing PET tracers with gamma-emitting radionu-
clides [63] suitable for intraoperative radioguidance through
low or medium-energy gamma probes represents a viable
alternative option to correctly harvest pathologic tissue.

In the upcoming future, conducting further studies in
larger cohorts, randomizing patients to operations with and
without RGS, as well as performing long-term follow-up,
could definitively determine the true value of gamma probe
detection of positron emitters. Moreover, as advances in
medicine are strictly related to advances in technology,
technical improvements might determine if RGS with
positron-emitting tracers will gain a routine established role
in surgical practice.
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