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A B S T R A C T   

Purpose: Radioguided surgery (RGS) is a technique that helps the surgeon to achieve a tumour resection as 
complete as possible, by means of the intraoperative detection of particles emitted by a radiotracer that bounds 
to tumoural cells. This study aimed to investigate the applicability of β-RGS for tumour resection and margin 
assessment in cervical cancer patients preoperatively injected with [18F]FDG, by means of Monte Carlo 
simulations. 
Methods: Patients were retrospectively included if they had a recurrent or persistent cervical cancer, underwent 
preoperative PET/CT to exclude distant metastases and received radical surgery. All PET/CT images were 
analysed extracting tumour SUVmax, background SUVmean and tumour-to-non-tumour ratio. These values were 
used to obtain the expected count rate in a realistic surgical scenario by means of a Monte Carlo simulation of the 
β probe, assuming the injection of 2 MBq/kg of [18F]FDG 60 min before surgery. 
Results: Thirty-eight patients were included. A measuring time of ~2–3 s is expected to be sufficient for 
discriminating the tumour from background in a given lesion, being this the time the probe has to be over the 
sample in order to be able to discriminate tumour from healthy tissue with a sensitivity of ~99% and a specificity 
of at least 95%. 
Conclusion: This study presents the first step towards a possible application of our β-RGS technique in cervical 
cancer. Results suggest that this approach to β-RGS could help surgeons distinguish tumour margins from sur-
rounding healthy tissue, even in a setting of high radiotracer background activity.   

1. Introduction 

Cervical cancer is one of the most common malignancies in women 
worldwide [1]. About 40% of patients with cervical tumour has locally 
advanced cervical cancer (LACC) at initial diagnosis [2]. Exclusive 
chemo-radiotherapy (CRT) (i.e., without surgery) is the standard treat-
ment for LACC [3]. However, one third of patients will develop disease 
recurrence, usually within two years after CRT [4]. Pelvic exenteration 

is the curative treatment for recurrent or persistent cervical cancer that 
is confined to the central or lateral pelvis after radiation therapy [3,5]. 
Pelvic exenteration aims to remove the tumour and achieve negative 
surgical margins, which is the most important prognostic factor [6,7]. 
To date, intraoperative surgical margins are evaluated by histology ex-
amination, which can be performed intra-operatively with frozen sec-
tions. However, the frozen section procedure is time consuming (it 
might take up to 30–45 min) and can lead to false negative results. 
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Moreover, if the surgeon cuts through the tumour, cancer cells might 
spread in the abdominal cavity. Therefore, an improved intraoperative 
detection of surgical margins could help to provide a more personalized 
treatment strategy. 

In this view, radioguided surgery (RGS) could aid the surgeon in 
removing the tumour with negative margins. However, RGS with 
gamma (γ) decay is hardly applicable in this context. In fact, despite 
known 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) uptake of cervical 
tumour [8,9], the proximity of several organs (e.g., bladder, ureters) 
presenting elevated physiological [18F]FDG uptake hinders the effective 
detection of residual tumour due to the long penetration of γ particles. 
An innovative approach to RGS has been recently introduced using a 
beta (β) probe with low sensitivity to γ radiation [10–14]. The rationale 
of this approach is that β radiation has lower penetration compared to γ 
radiation (few mm for β versus few/tens of cm for γ in human tissues). 
Being sensitive only to radiation coming from its immediate surround-
ings, a β probe could better discriminate the tumour margins (signal) 
from the nearby healthy tissue (background). 

The idea of directly detecting β radiation is not new, and it was 
actually the very first approach to the RGS technique itself, back in 1949 
[15]. More recently, other approaches to β-RGS were proposed [16], 
that however did not eventually result in any standard clinical practice, 
probably also due to the cumbersome design of these detectors, being 
based on the simultaneous detection of β and γ particles. 

A more relevant development has been instead experienced by 
Cherenkov luminescence imaging [17–19], a technique based on the 
detection of Cherenkov radiation emitted by the target tissues after the 
injection of a PET radiotracer. Recent studies have also assessed the 
feasibility of evaluating surgical margins of specimens with intra-
operative imaging performed with micro-PET/CT [20–22]. However, 
despite sharing the requirement for a β emitter, these techniques could 
be considered complementary to direct β radiation detection, since their 
current use is mainly focused on ex-vivo confirmation/margin assess-
ment. In the last years, a new interest around β-RGS arose, thanks to the 
development of new scintillating materials allowing to build efficient β 
particle detectors [12] in convenient form factors, suitable for example 
for minimal invasive surgery. 

To our knowledge, no previous studies have investigated this new 
technique for recurrent/persistent cervical cancer. 

In this study, we aim to investigate the applicability of β-RGS for 
tumour resection with negative surgical margins in recurrent/persistent 
cervical cancer patients injected with [18F]FDG, by means of Monte 
Carlo simulations based on [18F]FDG uptake from preoperative PET/CT 
images. 

2. Methods 

2.1. Study design and patient population 

This study was approved by the Ethical Committee of the Fondazione 
Policlinico Universitario A. Gemelli IRCCS (study code: 3859). The 
medical records of all consecutive patients with histologically proven 
cervical cancer, referred to the Gynecologic Oncology Unit between 
September 2013 and October 2020, were retrospectively reviewed. Pa-
tients were included if they signed an informed consent, had pelvic 
recurrent/persistent cervical cancer, underwent preoperative PET/CT to 
exclude distant metastases and received radical surgery (i.e., pelvic 
exenteration). Patients were excluded if they had contraindication for 
radical surgery due to age or comorbidities or extra-pelvic disease 
extension. All cases were discussed in a multidisciplinary board before 
undergoing radical surgery. 

2.2. [18F]FDG PET/CT image acquisition 

PET/CT studies were acquired as previously described [23]. Briefly, 
each patient fasted for at least 6 h, had glucose blood levels <200 mg/dL 

before [18F]FDG injection and was hydrated with 500 mL of saline so-
lution. PET/CT imaging was acquired 60 ± 10 min post intravenous 
injection of [18F]FDG using a Gemini GXL (Philips Healthcare, Best, The 
Netherlands) or a Biograph mCT (Siemens Healthineers, Erlangen, 
Germany) scanner. A low-dose CT scan was first performed for 
anatomical reference and attenuation correction followed by PET scan 
using 3 min (Gemini) and 2.5 min (Biograph mCT) acquisitions per bed 
position. All PET images were reconstructed according to the European 
Association of Nuclear Medicine guidelines [24], as described in Table 1. 
All PET/CT images were displayed on a dedicated workstation (Syngo. 
via Workstation, Siemens Healthineers, Erlangen, Germany) in trans-
axial, coronal and sagittal planes. 

2.3. Image analysis 

All PET/CT images were reviewed by consensus between two nuclear 
medicine physicians (A.F. and V.L., with 3 and 10 years of clinical 
experience, respectively), blinded to clinical and histopathological 
information. 

A volume of interest (VOI) of 0.7–1.5 cm3 was delineated over the 
tumour (T-VOI) and over the background tissue (B-VOI) on the trans-
axial PET images using a 3D-isocontour method based on a 40% 
threshold of the SUVmax corrected for local background activity (Fig. 1) 
[25,26]. The internal obturator muscle tissue was chosen as background 
tissue, as discussed later in the paper. 

For each VOI, SUVmax was extracted for tumour (T-SUVmax) and 
SUVmean for background (B-SUVmean). SUVmax was measured by 
applying the EQ⋅PET reference-based quantification technology 
(Siemens Medical Solutions USA, Inc., Malvern, PA, USA) in order to 
harmonize SUV values obtained by 2 different PET systems [27]. The 
optimized spatial filters were selected as described by Mattoli et al. [28]: 
an 8-mm Gaussian filter was applied for the Biography mCT, while no 
EQ•PET Gaussian filter was needed for GXL system in order to align to 
EARL/EANM standards [24]. For evaluating uncertainties, root mean 
square SUV (SUVrms) and VOI volumes (VVoi, made of NVoxels, number of 
voxels, with a VVoxel volume) were also extracted, in order to calculate: 

σSUV =
SUVrms
̅̅̅̅̅̅̅̅̅̅̅̅
NVoxels

√ =
SUVrms

̅̅̅̅̅̅̅̅
VVoi

VVoxel

√

i.e., the uncertainty on SUV. Tumour-to-non-tumour ratio (TNR) was 
defined as the ratio between the T-SUVmax and the B-SUVmean. 

Table 1 
Specifications of PET/CT systems.  

PET/CT scanner  Philips Gemini 
GXL 

Siemens Biograph 
mCT 

PET reconstruction 
protocol 

Reconstruction LOR-RAMLA (3 
iterations, 33 
subsets) 

3D-OSEM with 
PSF modelling +
TOF 
(2 iterations, 21 
subsets) 

Gaussian filter 
(mm) 

0 2.0 

Voxel size 
(mm3) 

4.0 × 4.0 × 4.0 3.2 × 3.2 × 5.0 

Slice thickness 
(mm) 

4.0 5.0 

EQ•PET filter 
(mm) 

0 8.0  

CT protocol Voltage (kV) 120 120  
Intensity (mAs) 40–50 40–50 

LOR-RAMLA: Line-of-response row-action maximum likelihood algorithm. 3D- 
OSEM: 3-Dimensional ordered subsets expectation–maximization algorithm. 
PSF: Point spread function. TOF: time of flight. 
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2.4. β counting probe 

The detector used in this study is composed of a cylindrical p-ter-
phenyl scintillator (5-mm diameter and 3-mm height), encapsulated in a 
12-mm diameter plastic ring lateral shielding, and covered in the front 
by a 15-µm aluminium foil for light tightness. Light collection was 
performed by a 3 × 3 mm2 Silicon Photomultiplier sensor (SiPm, SensL 
C-series 30035). 

Given the low energy β-decay and abundant flux of annihilation 
photons, a second version of the detector was also considered in this 
study, still having 5-mm diameter but with 2-mm height. The rationale is 
that this thickness of scintillator should already be enough to effectively 
absorb such low energy β particles, with a small reduction in charged- 
particle detection efficiency with respect to the 3-mm thick detector. 
At the same time, however, such a thinner detector allows for a marked 
reduction, for purely geometrical reasons, of the number of detected 
511 keV photons. As a result, a 5 × 2 mm detector could be more effi-
cient for [18F]FDG, enhancing the β/γ detection ratio. 

Bearing in mind a possible robotic surgery approach, in the Monte 
Carlo simulations on which this study was based, the β detector was 
placed at the tip of the DROP-IN probe housing [29], tailored to the 
ProGrasp Forceps (Intuitive Surgical Inc., Sunnyvale, CA, USA). Fig. 2A 
shows both the prototypes of the probe, either for open or robotic 
surgery. 

2.5. Monte Carlo simulation of expected counting rates 

Tumour and “near background”. Once the uptake values of both 
tumour and background were obtained from the PET images, in order to 
quantify the performances of the technique, it was necessary to evaluate 
the counting rates that were expected in the two regions in a real 
application case. This procedure was the same used in previous similar 
studies [11,14], and relied on a Monte Carlo simulation in which the 
probe was exposed to (and in contact with) two different sources: a small 
tumoural remnant (“residual tumour”) encapsulated in a healthy tissue 
cylinder (“near background”), and an area of sole healthy tissue. A 
diameter of 6 mm and a height of 7 mm were chosen for the tumour 
remnant (volume = 0.2 mL, Fig. 2B), while 2 cm diameter and 1 cm 
height were chosen for the healthy tissue sample (volume = 3.14 mL, 
Fig. 2C). As far as the tumour remnant is concerned, these dimensions 
are assumed to represent typical residual lesions that can be tailored in 
RGS procedures. This working hypothesis is at the basis of several 
similar studies that were performed in the past, and that found experi-
mental validation both ex-vivo and in vivo [11,14]. On the other hand, 
since [18F]FDG positrons, having a maximum energy of 630 keV, cannot 
penetrate more than 5 mm in human tissue, the chosen dimensions for 
the so-called “near background” sample are sufficient to reproduce all 
the physical processes that are the origin of this kind of contribution. 

Both the “residual tumour” and the “near background” samples were 

Fig. 1. Example of VOI identification in the tumour (T-SUVmax = 12.98) and in the background (B-SUVmean = 1.21). SUV window limits: bottom = 0; top = 5.  

Fig. 2. β probe, in its “open surgery” (top) and “ro-
botic surgery” (bottom) configurations (A), the fore-
ground paper has 4-mm squares. Monte Carlo 
simulations used in this study: “residual tumour” (B); 
“near background” (C); in both cases, the right green 
cylinder represents the source, while the inner, green 
part of the probe is the p-terphenyl crystal, the rest 
being the lateral shielding. Beta probe inserted in the 
spherical VOI used for the “far background” simula-
tion (D). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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considered to have a specific activity (i.e., the activity per unit volume) 
according to that given by the SUV extracted from the PET analysis. In 
particular, the conversion between SUV and specific activity was per-
formed assuming an injection of 2 MBq/kg (0.05 mCi/kg) of [18F]FDG 
60 min before surgery. A typical SUV of 10 would thus give a specific 
activity of 13.7 kBq/mL (0.37 µCi/mL). 

“Far background”. Given the known and abundant physiological 
uptake of [18F]FDG in organs all around the pelvic region, a substantial 
flux of annihilation photons is expected to be present when performing 
rate measurements in the surgical field. Although the scintillator used in 
the β probe is largely transparent to annihilation photons, as noted, their 
contribution to the measured signal should nevertheless be evaluated. 

To this aim, a dedicated and different Monte Carlo simulation was 
performed, based on a PET/CT image of a single reference patient, to 
evaluate the flux of annihilation photons reaching the pelvic area. In 
particular, PET images acquired after pelvic exenteration in a patient 
also studied pre-operatively were used, in order to best represent the 
application case, in which counting rate measurements would be per-
formed after the removal of bladder and uterus, which are both organs 
characterized by elevated physiological uptake of [18F]FDG. In this 
simulation, CT data were used to reconstruct the geometry of the pa-
tient, with all the relevant materials and their densities, while PET data 
were used to reproduce the distribution of [18F]FDG (Fig. 3A). A 
spherical VOI (8 cm diameter) was drawn in the pelvic area (Fig. 3A), 
and the probe was placed at its centre (Fig. 2D). The number of simu-
lated 18F decays was chosen in order to reproduce the count rate that the 
probe would give in 1 s of data acquisition per each MBq of activity in 
the patient. In this way, by multiplying this value for the amount of [18F] 
FDG present in the patient at the time of surgery, the expected probe 
counting rate at that exact time was obtained. 

All simulations were performed using GEANT4 [30], a Monte Carlo 
code widely used in particle physics as well as in medical applications, 
that allows simulating all the relevant physical phenomena, like energy 
loss, particle propagation and secondary particles creation and 
interaction. 

2.6. Statistical analysis 

2.6.1. Minimal probing time 
The two Monte Carlo simulations here described gave the following 

three count rates: RTum, the counting rate given by the residual itself, 
RHT, the counting rate given by the healthy tissue nearby the tumour and 
RFar, the counting rate coming from the annihilation photon flux and 

thus affecting all measurements in the pelvic area. These values were 
combined to obtain the actual rates the probe would experience when in 
contact with the tumour remnants and with the healthy tissue, 
respectively: 

RSignal = RTum +RFarRBackground = RHT +RFar.

From these counting rate values, it was possible to estimate the 
minimal probing time (tprobe), i.e., the number of seconds (standard 
probe integration time) needed for the probe to be able to discriminate 
with sufficient accuracy the tumour from the healthy tissue. 

To this aim, the same approach followed in other similar studies 
[11,14,31] was used, based on the estimation of the fraction of false 
positives (FP) and false negatives (FN) signals. In fact, for a given value 
of tprobe, the number of counts coming from signal and background is 
distributed according to a Poisson distribution having mean value 
μSignal = RSignal × tprobe and μBackground = RBackground × tprobe, respectively. 
Given then a certain value for the minimum number of probe counts (th) 
considered as threshold to flag as positive a residual, FP was computed 
as the fraction of times the background would instead give a positive 
signal: 

FP = 1 −
∑th− 1

N=0
PμBackground(N),

where Pμ(N) is the Poission probability to have N countings if the mean 
expected value is μ. Similarly, FN is the fraction of times a tumour re-
sidual would not give a positive signal: 

FN =
∑th− 1

N=0
PμSignal(N).

In order to determine the minimum probing time, tprobe and th were 
varied in a grid, and for each couple of values FN and FP were computed: 
the smallest value of tprobe for which FN < 5% and FP ≈ 1% was deter-
mined, corresponding to a sensitivity of ~99% and a specificity of at 
least 95%. 

2.7. ROC analysis 

The described algorithm allows identifying the optimum probe 
counting time for each lesion. As a matter of fact, this parameter is not 
completely informative when dealing with a real application case, i.e., 
during the RGS procedure. In practice, however, in the course of 

Fig. 3. Positioning in the pelvic area of the VOI needed for the “far background” Monte Carlo simulation, in a maximum intensity projection image of postoperative 
PET (A). Map (central slice) of primary particles generated in the Monte Carlo simulation, according to the PET image (B). Origin position of [18F]FDG isotopes that 
eventually give a signal into the probe (C). 
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deciding whether malignant tissue is or is not present, surgeons tend to 
use a near-constant interval, of approximately 3 s in our experience of 
ex-vivo and in-vivo tests [32–34], for counting of each location in the 
surgical field. 

A sensitivity analysis was therefore also performed, with the aim of 
evaluating the discriminating power of the technique. A fixed probing 
time of tprobe = 3s was assumed, and the threshold value th, intended as 
the total number of counts obtained in this time interval, was varied. For 
each th value, “sensitivity” and “specificity” were evaluated and plotted 
in a ROC curve, the area of which was then used to evaluate the 
discriminating power of the technique. 

To illustrate this process, let’s imagine a case in which RBackground is 
100 counts per second (cps) and RSignal is 200 cps. A probing time of 
tprobe = 3 s would give µBackground = 300 counts and µSignal = 600 counts. 
In this analysis, the threshold is varied between these two values (300 
and 600 counts) in homogeneous steps, and for each threshold value FP 
and FN probabilities are calculated, as explained in the text. Each of 
these steps corresponds to a point in the ROC curve, and the top left one 
allows estimating the intrinsic power of the procedure to distinguish 
healthy tissue from tumour. 

3. Results 

3.1. Patients 

A total of 38 patients fulfilled the inclusion criteria and were 
included in this study. The median age at time of recurrent/persistent 
disease was 49.5 years (range, 32–74). Twenty-eight (73.7%) patients 
underwent exclusive radiochemotherapy, while the remaining ten 
(26.3%) had already undergone previous surgeries (e.g., radical hys-
terectomy), followed by radiotherapy or radiochemotherapy. Thirty- 
three (86.8%) women had the recurrence in the central pelvis, while 5 
(13.2%) had lateral pelvis recurrent/persistent tumour. The adminis-
tered activity of [18F]FDG was 2.88–5.13 MBq/kg (Standard Deviation 
(SD), 0.70) (0.08–0.14 mCi/kg; SD, 0.02). PET/CT studies were acquired 
using Biograph mCT and Gemini GXL scanner in 23 and 15 patients, 

respectively. The median time between the PET/CT scan and the pelvic 
exenteration was 36.5 days (range, 4–121). 

3.2. Tumour and background uptakes 

Median T-SUVmax was 10.2 (Interquartile Range (IQR), 7.7–12.3) 
and median B-SUVmean was 1.0 (IQR, 0.7–1.2), with an average uncer-
tainty of 3.5% and 3.3%, respectively. Given all the other sources of 
uncertainty that will affect the final probe counting rate (i.e., dose 
calibration, probe positioning, patient alignment), the contribution of 
the SUV uncertainty to overall count-rate uncertainty was considered 
negligible and therefore not propagated in estimating the overall count- 
rate uncertainty. Median TNR was 10.6 (IQR, 7.5–14.0). Fig. 4A-B show 
distribution of SUVs (T-SUVmax and B-SUVmean) and its errors, while 
Fig. 4C-D show the distribution of TNRs for all 38 patients, and the 
scatter plot of T-SUVmax versus TNR. 

3.3. Sensitivity analysis 

Fig. 5 shows an example of ROC curve for one patient, with each 
triangle representing a different threshold value used to evaluate 
sensitivity and specificity (with higher threshold values corresponding 
to bottom left points, thus implying high specificity but low sensitivity), 
and the distribution of AUC of the sensitivity of the two probes (5 × 3 
and 5 × 2 mm) for all 38 patients. All cases except four presented an AUC 
of at least 0.95, meaning a remarkably high sensitivity, with AUC values 
above 0.75 in all cases. 

3.4. Expected probe counting rates 

Table 2 shows the efficiencies of the two considered probes, obtained 
with the described Monte Carlo simulations, to signal and far back-
ground, with their relative variation. 

Fig. 6 shows the expected probe counting rates obtained with the 
Monte Carlo simulation. In particular, Fig. 6A shows the expected “far 
background” for the two considered probes (5 × 3 and 5 × 2 mm), i.e., 

Fig. 4. Histograms of uptake of tumour (blue line) and background (red line). SUV (A). Histogram of error on SUV, calculated as described in the text, expressed in 
percentage of SUV value (B). Histogram of TNR (C). Scatter plot of T-SUVmax versus TNR (D). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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the counting rate the probe would give as soon as it is inserted in the 
pelvic area, before being in contact with the suspect tumour lesion: a 
median counting value of 245 and 170 cps was found for the thicker and 
the thinner probe, respectively. The vast majority of this “far back-
ground” was indeed found to originate from the immediate surroundings 

of the pelvic area (Fig. 3C). In fact, despite having considered a post- 
exenteration sample patient, this area still remains dense of high emit-
ting organs and tissues, whose emission has, for pure geometrical rea-
sons, higher probability to be detected by the probe. 

Fig. 6B and C, report scatter plots of RSignal vs RBackground, for 5 × 3 and 
5 × 2 probes, i.e., the counting rate expected when the probe is in 
contact with the tumour residual and the background respectively. The 
colour of each point corresponds to its AUC in the sensitivity analysis, 
with darker points having lower AUC. 

3.5. Expected probe sampling time 

The previously described procedure was used to obtain from the 
expected counting rates over signal and healthy tissue the minimum 
probing time, which is the time the probe has to be over the sample in 
order to be able to discriminate tumour from healthy tissue with a 

Fig. 5. Example of ROC curve for one patient (patient 6, sampling time 3 s, AUC value 0.94) (A). Distribution of AUC of the sensitivity analysis of the two probes (B).  

Table 2 
Efficiencies of the two probes, as obtained by the Monte Carlo simulations, to 
signal and far background, with their statistical uncertainties.   

5 × 3 mm probe 5 × 2 mm probe Efficiency 
drop 

Signal efficiency (1.48 ± 0.01) 
10− 2 

(1.40 ± 0.01) 
10− 2 

− 6% 

Far background 
efficiency 

(2.88 ± 0.17) 
10− 6 

(1.99 ± 0.14) 
10− 6 

− 31%  

Fig. 6. Expected probe counting rates obtained with the Monte Carlo simulation. “Far background” for 5 × 3 mm and 5 × 2 mm probes (A). Scatter plot of Rsignal vs 
Rbackground for 5 × 3 mm (B) and 5 × 2 mm (C) probes respectively: the red dotted lines represent the bisector, i.e., the case in which the signal gives the same probe 
counting than the reference healthy tissue. Points’ colour represents the corresponding AUC, according to the reported colour scale, with lighter points representing 
better results of the specificity-sensitivity analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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sensitivity of ~99% and a specificity of at least 95%. Fig. 7 shows the 
histogram (A) of this minimum probing time with the two probes. As 
highlighted by the relative box plot (B), median sampling time was 
found to be 2.48 (IQR, 1.86–2.95) and 2.37 (IQR, 1.57–3.94) for the 5 ×
3 and 5 × 2 probes, respectively. 

4. Discussion 

This study evaluated the applicability of β-RGS in order to achieve 
negative surgical margins in recurrent/persistent cervical cancer after 
radiochemotherapy in patients injected with [18F]FDG, by means of 
Monte Carlo simulations based on [18F]FDG uptake from preoperative 
PET/CT images. 

The β probe prototype used in the current study is based on a scin-
tillating material (p-terphenyl) that is able to convert energy deposition 
from interacting particles into light. The detection of this light gives an 
estimation of the amount of radiation impinging on the crystal. The 
choice of p-terphenyl as scintillating material [35], characterized by a 
very abundant light production when traversed by radiation (the so 
called “light-yield”), ensures very high sensitivity to charged particles 
even in small active volumes. In particular, the effectiveness of cylin-
drical detectors as small as 3 mm in radius and 3 mm in depth was 
demonstrated in several studies using β− emitters [32–34]. Moreover, 
the low density of p-terphenyl (1.24 g/cm3) and relatively low effective 
atomic number, makes this material substantially insensitive to γ pho-
tons, whose interaction probability is higher in high density, high-Z 
materials. This intrinsic transparency to photons suggested to investi-
gate a potential role of such detectors in performing RGS using β+

emitting isotopes, where the contribution of annihilation photons be-
comes fundamental. Results of laboratory studies performed on 68Ga 
source led to improve the probe (i.e., increasing the light collection ef-
ficiency), and to assess its efficiency to charged particles (which ranges 
from 80% at 110 keV to a plateau of 95% at higher energies, with the 
efficiency to γ photons being of the order of 3%) [36]. More recently, we 
conducted similar laboratory studies directly on 18F liquid source. 
Recently published results [37], confirm the capability of the Monte 
Carlo simulation to accurately characterize the actual performances of 
the probe. Furthermore, the feasibility of RGS based on PET isotopes was 
also studied, starting with prostate cancer with [68Ga]Ga-prostate-spe-
cific membrane antigen (PSMA) in robotic surgery [29]. Ex-vivo tests 
were then performed in this particular case, further strengthening the 
possibility of this novel approach [11,29]. Following these positive re-
sults, first in-vivo tests of RGS with our β probe are currently ongoing in 
case of abdominal neuroendocrine tumours and prostate cancer, using 
[68Ga]Ga-PSMA as tracer, with very promising results. 

In an effort to expand the use of this technique towards further 
application cases, in this study we present the first step of such a process, 
i.e., the Monte Carlo evaluation of the technique feasibility in case of 
recurrent/persistent cervical cancer after radiochemotherapy in patients 

injected with [18F]FDG. 
To this aim, preoperative PET/CT images of 38 patients were used to 

extract the [18F]FDG uptake in both tumour and background. The SUV 
maximum value (SUVmax) was chosen for tumour, whereas its mean 
value (SUVmean) was considered for the healthy background. This choice 
reflects the expected measurement procedure, as for example described 
in El Lakis et al. [38], in which the probe is used to find the maximum 
counting rate in a suspect lesion. This rate is then compared with the 
background one that, having by definition no specific and particular 
uptake, is averaged over a given area. As expected, a significant varia-
tion was found among patient T-SUVmax (range, 2.6–29.9). However, 
this variation occurs around a high median value (10.2), thus confirming 
high [18F]FDG uptake of cervical tumour [8,9]. 

In this context, aiming at evaluating the maximum uptake of tu-
mours, small VOIs were used, not needing to completely segment 
lesions. 

As far as the background tissue choice is concerned, a possibility 
could have been represented by fatty tissue, since this is the one against 
which the surgeon is often expected to discriminate the tumour. How-
ever, the internal obturator muscle was eventually chosen because its 
specific activity is expected to be higher than the one of fatty tissue. In 
this way, we aimed to avoid a possible underestimation of the healthy 
tissue uptake. Other high activity regions are also expected to be present 
in the vicinity; however, due to the discussed short penetration of β 
radiation, the contribution of all sources not directly in contact with the 
probe is taken into account in the “far background” simulation. We 
found that “near background” presents a much smaller, albeit not 
negligible, [18F]FDG uptake, not exceeding a SUVmean = 1.9. As a result, 
TNR was high (median 10.6), with 90% of patients having TNR > 6. 

Based on these [18F]FDG uptake values, a Monte Carlo simulation 
was used to evaluate the expected counting rates of the probe in the 
surgical field, assuming an injected activity of 2 MBq/kg (0.05 mCi/kg) 
of [18F]FDG 60 min before surgery. This simulation also considers the 
“far background”, that is the number of annihilation photons in the 
surgical field (pelvic area) due to the unavoidable and physiological 
uptake of [18F]FDG in the whole body. Indeed, we found this “far 
background” to be of the order of several hundreds of cps. This is, 
however, one of the cases in which the possible advantage of choosing a 
thinner detector arises. In particular, due to purely geometrical reasons, 
as demonstrated by probe efficiencies in Tab. 2, the 5 × 2 mm probe 
reduced the “far background” of the order of 100 cps compared to 5 × 3 
mm probe, and could therefore represent a more suitable detector for 
this kind of application. 

Considering all these aspects, the Monte Carlo simulation showed 
that the final probe counting in a real application case is expected to be 
of the order of several hundreds of cps. A statistical analysis on false 
positive and false negative probability evaluated the minimum required 
probing time to obtain a sensitivity of ~99% and a specificity of at least 
95% to be of the order of ~2–3 s. This sampling time has a minimum 

Fig. 7. Minimum probing time needed to effectively discriminate tumour from healthy tissue with the two considered probes (A), with respective box plots (B), in 
which the vertical, almost central line represents the median value, the box margins are the 25–75 percentiles, and the edges are Q1 ± 1.5 IQR. 
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effect on the whole surgery duration, considering that the surgeon is 
expected to spend this time only over spots judged suspect and needed to 
be discriminated. Moreover, the overall surgery time could be further 
reduced by avoiding the frozen section procedure. 

Overall, results suggest that, with a probing time of 3 s, compatible 
with the standard clinical procedure, the β probe should have both a 
high sensitivity to β radiation and reduced sensitivity to 511 keV γ 
background to allow an effective performing of β-based RGS in recur-
rent/persistent cervical cancer. This innovative β probe may have 
important clinical applications. The potential use of this probe during 
pelvic exenteration would allow the surgeon to confirm in real time free 
surgical margins, with consequent reduction of operative time in a single 
session compared to the approach with frozen section analysis. More-
over, this probe is completely compatible with a robotic surgery 
scenario. 

To our knowledge, this is the first study evaluating the applicability 
of β-RGS in cervical cancer using β probes. Nevertheless, this study 
suffered from some limitations. First and foremost, this study is mainly 
based on Monte Carlo simulations. However, it would probably be 
incorrect to define it as “simulation only”. In fact, real clinical data play 
a significant role as input to the study. Moreover, the Monte Carlo 
simulation used in this study is being currently and steadily validated by 
the discussed in-vivo experimentations, which were based in turn on 
similar simulation studies in the first place. In a similar way, while it is 
clear that a study of this kind can only draw conclusions on statistical 
basis, the ongoing experimentations are also confirming the expecta-
tions regarding the “operative discriminating power” of the technique 
too, when the surgeon has to deal with given ratios of signal to back-
ground. Lastly, it is important to remember that these kinds of Monte 
Carlo studies are the necessary and sole possible first step towards any 
possible new experimental application of the β -RGS technique. 

As far as other limitations of the study are concerned, this was a 
retrospective, single-centre study. Moreover, PET images were acquired 
on 2 different scanners and this could have minimally affected the SUV 
homogeneity [24,39]; however, EQ•PET was applied to harmonize SUV 
values. Lastly, the “far background” counting rate was only obtained by 
simulation, thus, its uncertainty and variability should be carefully 
considered. In particular, the count rate changes that may occur when 
performing small movements of the probe in the surgical field should be 
verified. 

In this context, again, the first in-vivo measurements with [68Ga]Ga- 
PSMA, currently in publication, represent a strong confirmation of the 
accuracy of our Monte Carlo simulations. In any case, results of this 
study seem solid enough that even significant variations and variability 
of the “far background” should not hinder the applicability of the 
technique, if properly dealt with. Besides the discussed possible use of a 
thinner probe to reduce the impact of this “far background”, it could for 
example also be possible to act on the detector threshold in order to 
optimize the signal-to-noise ratio, foreseeing a “low background” 
operational modality for the probe. 

As far as radio protection issues are concerned, the same consider-
ations of previous β+ radioguided surgery studies hold [40]. The expo-
sure impact on the patient is comparable with a PET scan, the main issue 
being the exposure of medical staff. It has however to be noted that the 
considered application scenario is based on an injection that is per-
formed 60 min before surgery: this can help to limit the impact on 
medical personnel not directly involved in surgery. Moreover, robotic 
surgery would allow to reduce the amount of dose given to the surgeon, 
who would be performing the procedure without being in close contact 
with the patient. Lastly, an experimental validation of the probe per-
formances foreseen by this Monte Carlo study would open the way to a 
reduction in the amount of radioactivity to be injected. In fact, 
exploiting the demonstrated ability to use PET images to foresee the 
probe counting, it will be possible to tailor the amount of [18F]FDG to 
inject the patient, based on its real tumour and background uptake. 

5. Conclusion 

This study showed that an innovative β-radioguided surgery tech-
nique has the potential to help the surgeon to distinguish tumour from 
surrounding healthy tissue in patients with recurrent/ persistent cervical 
cancer undergoing radical surgery, by injecting 2 MBq/Kg (0.05 mCi/ 
kg) [18F]FDG before surgery and with an estimated measuring time of 
2–3 s per each suspect area. Further studies are needed to evaluate and 
in-vivo confirm the actual performances of the β probe. 
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