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Abstract

Purpose The aim of this mini-review is to discuss the possible role of radioguided surgery in brain tumours and, in particu-

lar, in gliomas.

Methods A research in the PubMed/Medline database was carried out to identify relevant studies evaluating radioguided

surgery in brain tumours.

Results Radioguided surgery results using gamma (y)-emitting tracers and y-detection probes were summarised. Most
importantly, the review included preliminary findings with novel approaches, particularly those relying on the use of beta

(B) emitting isotopes and a dedicated J} probe.

Conclusion Although few data are available in the current literature, the use of  probes could be useful to accurately identify
surgical margins in brain tumours. Nevertheless, further in vivo studies are required.

Keywords Radioguided surgery - Cerebral gliomas - p probe

Purpose

Surgery is the standard treatment for brain tumours. The
extent of surgical resection has an essential role in the man-
agement of cerebral gliomas. Indeed, a greater extent of
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resection leads to an improved overall survival, progression-
free survival and higher quality of life [1]. To date, many
intraoperative techniques and technological tools, such as
neurophysiological monitoring, ultrasound aspirator, awake
surgery, intraoperative neuroradiology, magnetic resonance
imaging (MRI) and/or computed tomography (CT) scan,
are employed to remove the glioma completely, preserving
the neurological functions. In recent years, neurosurgeons
have experimented techniques to identify the neoplasm and
remove the tissue as much as possible. The 5-aminolevulinic
acid (5-ALA) for fluorescence-guided surgery (FGS) has
proven to be an effective and safe intraoperative adjunct
for glioma resection [2]. This prodrug is an optical imaging
agent widely employed in patients with high-grade gliomas
for the visualisation of malignant tissue during surgery [2].
Administered as an oral solution, 5-ALA is taken up by gli-
oma cells and metabolized into its red fluorescent form, pro-
toporphyrin IX. A specific filter in the microscope allows the
visualization of the “red tissue” that can be easily removed.
A multicentre, randomized phase III study demonstrated that
5-ALA FGS enables a more complete tumour resection in
high-grade gliomas with a better outcome than conventional
microsurgery [3].
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Nevertheless, there are some drawbacks related to the use
of 5-ALA. In particular, increased risks are of neurological
deficits, probably due to the more aggressive resection when
removing the tissue detected by the technique. Moreover, the
risk is much higher where eloquent areas are involved and
closely related to the surgeon’s experience and neurophysi-
ological monitoring. Although a failure in 5-ALA uptake
by neoplastic tissue has rarely been reported, it may occur
in heterogeneous tumours making it difficult to identify
the tumour margins. Most importantly, the possible uptake
of 5-ALA by non-neoplastic tissues, such as scar tissue or
ependymal surface, may influence the surgical procedure
with the removal of healthy tissue, thus increasing the risk
of neurological sequelae.

Bearing in mind that the greater the removal of glioma,
the better the outcome, it is worth evaluating further tools
capable of recognising the neoplastic tissue as clearly as pos-
sible. In this context, a promising procedure may be radio-
guided surgery (RGS). This technique enables to intraopera-
tively identify lesions or tissues preoperatively marked with
a radiotracer employing a detection probe [4]. Established
methods currently rely on y-emitting tracers coupled with
y-detecting probes [5, 6]. However, the deep penetration of
vy radiation can reduce the tumour-to-background ratio, a
crucial factor in RGS, thereby limiting its efficacy and appli-
cability. Accordingly, in the last few years, there has been an
increasing interest in novel approaches relying on B~ or f*
emitting radioisotopes and 3 probes. Despite the growing use
of RGS in several tumours [4], very few data are currently
available on its application in brain tumours [7-10].

The aim of this mini-review is to discuss literature results
suggesting the potential role of RGS in the removal of brain
tumours, particularly gliomas. It also provides an insight into
possible future developments in this field.

Methods

A literature search in the PubMed/Medline database was
performed to identify relevant studies evaluating the use of
RGS in brain tumours. The research strategy was based on
the combination of the key words “radioguided surgery”
AND “brain tumours” and their synonyms. Only original
studies on RGS in brain tumours, published in English and
including a minimum of 5 patients, were selected.

Results
y -based RGS

According to the literature research, few studies investi-
gated the role of RGS in brain tumours using a preoperative
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single photon emission tomography (SPECT) or SPECT/CT
to guide the location of craniotomy and a y probe to iden-
tify intraoperatively the tumour tissue and assess its exten-
siveness. In particular, Kojima et al. distinguished intraop-
eratively tumour from normal brain tissue in 13 patients,
using a y probe and a mobile y camera after the intravenous
injection of 99mTc-hexakis-2-methoxy-isobutyl-isonitrile
(**™Tc-MIBI) immediately before surgery [7]. In 9 out of
13 patients, histologic examination found no residual tumour
tissue. Encouraging results were obtained by Bhanot et al.
using RGS and a y probe in 13 patients with high-grade glio-
mas that showed high **™Tc-MIBI uptake on preoperative
SPECT/CT [8]. A gradient of at least 2:1 was employed to
differentiate the tumour from the normal tissue intraopera-
tively. In 9 (69.2%) patients, no residual enhancing area was
detected by postoperative CT/MRI scan, whereas a nearly
total excision was achieved in the remaining 4 cases. Most
importantly, the RGS procedure improved the neurosur-
geon’s confidence with the neoplasm located in or close to
eloquent brain areas, providing a real-time assessment of
excision completeness. 1 year later, Serrano et al. employed
Thallium-201chloride (***T1) as a guide for biopsy sample
and tumour resection in 6 patients with malignant astrocy-
toma, previously assessed by 2°'TI SPECT [9]. In all cases,
residual uptake was detected by the y probe in the surgical
bed, confirmed as tumour tissue by the pathological exami-
nation. In 3 out of 6 patients, residual areas of pathological
uptake were completely removed. More recently, Seddighi
et al. evaluated 22 glioma patients, equally randomized into
two groups [10]. The use of RGS and **™Tc-MIBI (first
group) increased the extent of tumour resection in compari-
son with the conventional tumour removal (control group),
as assessed by contrast MRI. In particular, a radical exci-
sion was achieved in 8 patients (72.7%) in the radioguided
group, whereas a complete removal was performed only in
three patients (27.2%) in the control group. Moreover, the
tumour detection time in the radioguided group was sig-
nificantly less than the control group. These few results,
obtained with *™Tc or 2°!Tl, suggested the feasibility and
usefulness of RGS and y probes in guiding and maximiz-
ing the brain tumour resection. However, some important
technical aspects should be taken into account. Regard-
ing y-photon emission, the low probability of low-energy
(<150 keV) photons interacting in the traversed media has
a direct impact on the characteristics and limitations of the
so-called y-RGS. Indeed, to detect such weakly interacting
particles, y probes are typically based on high-density mate-
rials, leading to a somehow difficult use of such devices
in minimally invasive surgery. Moreover, since these types
of photons penetrate tens of cm in human tissue, the emis-
sion of a small tumour remnant could be shadowed by the
abundant photon flux due to the physiological uptake of the
radiopharmaceutical by the surrounding healthy tissue. This
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non-negligible background in the nearby healthy tissue can
decrease the tumour-to-background ratio and limit y-RGS
efficacy for the accurate delineation of resection margins
and/or tumour remnants [11, 12].

B -based RGS

Although positron emission tomography (PET)/CT imag-
ing with several radiotracers has an important role in the
management of brain tumours [13, 14], there are no studies
assessing the potential application of RGS using a §* probe.
This technique would benefit from the better signal-to-back-
ground ratio of PET tracers compared to y-emitting radi-
opharmaceuticals. In fact, p particles tend to interact much
more with the crossed tissue; as a result, the most common
beta emitters (i.e., 18R 68 (Ga, 90Y) produce electrons that,
despite their different energies (600, 1900 and 2100 keV,
respectively) have a penetration of few mm compared to
several cm for y radiation. Detecting f particles selectively,
would make it possible to apply RGS also in those cases with
high tracer uptake in healthy tissues surrounding the tumour,
since Ps originating outside the tumour have a very small
probability of reaching the § probe. On the other hand, the
short penetration of beta particles might give false-negative
results, particularly in cases of tumour necrosis or hetero-
geneity where layers of healthy tissue can hide high uptake
areas.

Nevertheless, this theoretical precision sparked interest
in the possible use of f emission to intraoperatively detect
tumours in high background scenarios, such as cerebral glio-
mas. The first attempt dates back to 1949, when Selverstone
et al. used Phosphorus-32 (P32), a pure B~ emitter tracer,
to intraoperatively identify tumour residuals in 14 patients
diagnosed with glioblastoma, astroblastoma, astrocytoma or
atypical glioma [15]. Each patient received 0.95-4.2 mCi
of P32 intravenously and the probe (an ad hoc designed,
needle-shaped miniaturized Geiger—Muller counter)
was employed to accurately identify the location of deep
tumours, which was possible within 12-24 s of sampling
time. Despite the limitations of using a probe not particu-
larly suitable for surgery and a radiotracer with a half-life
of several days, this study is still significantly important,
being the initial true appearance of -RGS technique itself.
Already in 1951, Sweet WH reported the successful results
of RGS using P32 in 114 patients with brain tumours: a
correct localisation was obtained in 105/114 (92%) cases
[16]. The first modern attempt is the development of an
intraoperative § probe for glioma surgery by Bonzom et al.,
in 2007 [17]. The detector, specifically aimed at localising
the residual tumour labelled with positron emitters, consists
of two series of scintillating fibres, arranged in concentric
annular distributions. However, these plastic filaments are
also sensitive to the abundant y radiation when using PET

tracers. As a result, scintillating fibres of the outermost layer
of the detector are covered by a stainless steel thin sheet,
shielding them against p radiation. The presence of this
shielding leads to what is called a “dual-detector”, i.e., a
device based on the simultaneous detection of two different
components of the signal (§ plus y and just y), relying on the
real-time subtraction of these two contributions to obtain the
pursued result. This type of detector has been characterized
in terms of sensitivity and spatial resolution by both Monte
Carlo simulations and experimental measurements, showing
a very high y rejection efficiency (99.4%). A brain phantom
modelling of the surgical cavity has demonstrated the probe
ability to detect tumour discs as small as 5 mm in diameter
for tumour-to-background ratios higher than 3:1 and with an
acquisition time of around 4 s. Despite this initial validation,
no further steps towards the clinical implementation of this
detector have been reported in literature. A possible expla-
nation can be found in the final form factor of the probe,
due to its “dual nature”, hardly compatible with a minimally
invasive setting such as brain surgery.

Probably, the most relevant novelty in this field lies in the
introduction of innovative, high efficiency organic scintil-
lating materials. P-terphenyl, for example, is characterized
by a very high light yield (i.e., the amount of scintillating
light produced per unit of deposited energy), thus enabling
the detection of even very small energy depositions, such
as those from low-energy electrons. Likewise, this material
also has a low density, as it is common in organic scintil-
lators that, on the other hand, have typically reduced high
light yield. Given its low density, p-terphenyl has an intrinsic
substantial transparency to y radiation: therefore, it can be
exploited to design a probe capable of selectively detecting
p particles, even in the presence of a y background. The first
p-terphenyl-based probe was proposed by Camillocci et al.
in 2014 [18]. In particular, a 5 mm thick, 6 mm diameter
cylindrical scintillator is coupled with a solid-state light
detector that allows an effective signal reading produced
without any electrical hazard for the patient, being operated
at 5 V. Due to the very small penetration of f particles, a
3 mm thick lateral shielding is sufficient to ensure detection
directionality and the probe can be easily encapsulated in a
“pen-like” form factor (Fig. 1). The first use of this innova-
tive p probe was in cerebral tumours, using *°Y-DOTATOC
as radiopharmaceutical. In the study by Collamati et al.,
68 Ga-DOTATOC PET images of patients affected by men-
ingioma and glioma were used to quantify the uptake of
OY-DOTATOC in these tumours [12]. Uptakes were then
used as inputs for a Monte Carlo simulation of the detector,
allowing to obtain the expected performances of the probe
in a realistic applicative scenario. As expected, meningi-
omas showed a higher uptake of % Ga-DOTATOC than glio-
mas. Moreover, tumour non-tumour ratios were 10-20 for
patients with meningioma and 5-10 for patients with glioma.
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Fig. 1 P probe based on p-terphenyl scintillating material

As regards the final feasibility of the RGS technique, under
the assumption of injecting 3 MBg/kg of *°Y-DOTATOC
and aiming to detect a 0.1 mL tumour residual, the required
probing time was less than 1 s and less than 6 s for meningi-
oma and gliomas, respectively. Such positive results have led
to a first experimental validation of this innovative f-RGS
technique, obtained on ex vivo samples of meningioma, in
patients preoperatively injected with *°Y-DOTATOC [19].
In this study, 26 samples from 4 patients have been analysed
with the  probe and the authors found that even injecting as
low as 1.4 MBg/kg of radiotracer, tumour residual of 0.1 mL
could be detected. It is worth noting that, given the nature
of meningioma, usually benign and with clear surgical mar-
gins, this is not an actual case of interest for a possible RGS
approach. It was indeed considered as a case study to test
the possibility of predicting the real performance of the tech-
nique from the preoperative PET scan. Conversely, a much
more interesting case would be the glioma, whose infiltrat-
ing nature poses a massive obstacle to complete the tumour
resection and an ex vivo study on such tumours was indeed
expected to follow the meningioma one by this group. How-
ever, this innovative f-RGS technique has been experienced
outside the brain, in particular in neuroendocrine tumours
[20, 21] as well as in prostate cancer [22]. Considering
radioprotection issues, the use of B~ radiation provides a
reduction in the exposure for patients and surgery staff, as
compared to y-RGS [20].

Future developments
Regarding low-grade gliomas, 5-ALA uptake has been
found in 10% to 20% of the cases [3]. In this context, a

possible scenario could be to investigate the uptake of
% Ga-DOTATOC in patients with low-grade glioma and
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using these uptakes as input for Monte Carlo simula-
tions to obtain the expected performance of a B~ probe,
for example the p-terphenyl base one. According to these
results, the B~ probe could then be tested in vivo to distin-
guish residual tumour from normal brain tissue in low-gli-
oma patients using *°Y-DOTATOC as p~ emitting tracer.
The rationale is that this tracer has high affinity with soma-
tostatin receptor subtype 2 (SSTR2), whose expression has
been described in glioma [23]. Another possible relevant
study could be a comparison of 5-ALA with $~ RGS to dif-
ferentiate tumour recurrence from radionecrosis in glioma
patients.

Conclusion

This mini-review has taken into account the possible role of
RGS in helping the neurosurgeon to achieve the most com-
plete excision of the tumour. Although brain tumours were
the first proposed application of RGS as early as 1949, no
real progress has been made in this field for several decades.
Indeed, despite the growing success of y-based RGS in other
clinical applications, the long penetration of photons and the
radiopharmaceutical uptake by healthy tissue hinder the use
of y emission in brain surgery.

In this context, together with the emerging use of ® Ga-
DOTATOC PET/CT or PET/MRI for stereotactic image-
guided treatment plan including robotic radiosurgery by
Cyberknife [24], the recent introduction of new scintillating
materials, characterized by high sensitivity to j particles
and intrinsic transparency to y contamination, has allowed
to reconsider the possibility of performing RGS as an alter-
native treatment of brain tumours using p-emitting tracers.
In particular, after an initial Monte Carlo study suggesting
the possibility of performing RGS in meningioma and, with
reduced efficacy, in glioma, a first ex vivo experimental
study has been successfully performed on meningioma sam-
ples. However, the transition to the much more interesting
case of glioma has not been performed yet. Accordingly,
it is not possible at present to assess whether and how this
novel RGS technique could prove effective in the surgical
resection.

As regards future perspectives, it is worth considering
further improvements in detector technologies. The devel-
opment of radiation probes based on semiconductors [25],
for example, would allow to perform RGS even with lower
uptake values, as in gliomas. Simultaneously, miniaturiza-
tion now allows the production of probes compatible with a
minimally invasive surgery context.
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