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Abstract

Objective

Intraoperative identification of positive resection margins (PRM) in high-risk prostate cancer (PC)
needs improvement. Cerenkov Luminescence Imaging (CLI) with #Ga-PSMA-11 is promising,
however limited by low residual activity and artificial signals. Here, we aim to assess the value of
CLI and flexible autoradiography (FAR) with *¥F-PSMA-1007.

Methods

Mice bearing subcutaneous PSMA-avid RM1-PGLS tumors were administered *F-PSMA-1007
and PET/CT was performed. After sacrifice, organs were excised and measured signals in CLI
and FAR-CLI were correlated with tracer activity concentrations (AC) obtained from PET/CT. For
clinical assessment, seven high-risk PC patients underwent radical prostatectomy (RP)
immediately after preoperative *F-PSMA-PET/CT. Contrast-to-noise ratios (CNR) were

calculated for both imaging modalities in intact specimen and after incision above the index lesion.

Results

In the heterotopic in vivo mouse model (n=5), CLI did not detect any lesion. FAR-CLI detected a
distinct signal in all mice with a lowest AC of 7.25 kBg/ml (CNR: 5.48). After incision above the
index lesion of the prostate specimen, no increased signal was observed at the cancer area in
CLI. In contrast, using FAR-CLI a signal was detectable in 6 of 7 patients. AC in the missed index
lesion was 1.85 kBg/ml, resulting in a detection limit of at least 2.06 kBg/ml. Histopathology
demonstrated 2 PRM, none of which were predicted by CLI or FAR-CLI.

Conclusion
1BE-PSMA FAR-CLI was superior to CLI in terms of tracer-related signal detectability. Visualization
of PC was possible in RP down to 2.06 kBg/ml. However, the detection of PRM was limited. Direct

anatomical correlation of FAR-CLI is challenging due to the scintillator overlay.

Key words: Flexible Autoradiography, Cerenkov Luminescence Imaging, Prostate cancer, margin
assessment
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Introduction

Negative resection margins are a key-component of tumor surgery in curatively intended
interventions. Radical prostatectomy (RP) is one of the treatment options along with radiotherapy
in men with localized or locally advanced prostate cancer (PC)(1). Positive resection margins
(PRM) occur in 11-38% of patients undergoing RP, resulting in a higher risk of recurrence and
disease-related mortality by a factor of three (2,3).

Preoperative magnetic resonance imaging (MRI) and nomograms have become widely
used for local staging of the disease and prediction of extracapsular extension. Recently, PSMA-
PET/CT was also included in the primary diagnosis of high-risk prostate cancer in the guidelines
(1). Besides this, the use of intraoperative frozen section analysis (IFS) reduces PRM to 15% for
all stages (4-6). Consequently, there is a wish to accurately detect malignant areas in real-time
during RP to ensure complete removal of PC.

Currently, there are several newly implemented technologies for margin assessment with
promising results, but some of them lack large clinical studies to be subsequently used in clinical
routine. Intraoperative conditions affecting the signal, long imaging times and comparison with
histopathology are the main challenges (7,8).

Previously developed gamma counters are well established with single photon emitting
radionuclides (9). Maurer et al demonstrated reliable identification of small and/or atypically
localized lesions for ®"Tc-PSMA-guided surgery. The procedure has proven to be valuable for
the successful intraoperative detection and removal of metastatic lesions in PC patients scheduled
for salvage surgery (10-13).

The same technique has been successfully applied to beta-plus emitters, giving way to
potentially every radioligand used in diagnostic PET/CT to be used in radioguided surgery (14).
Other ex vivo imaging techniques, such as the use of a micro-PET/CT for three-dimensional
analysis of lesions, which could provide volumetric information about the removed specimens,
currently require further study-based investigation (15). In patients with biochemical recurrence,
PSMA-PET/CT demonstrates high accuracy, allowing surgical resection to be pursued for single
lymph node metastases. Recently, the introduction of a so-called drop-in y-probe has allowed for
PSMA-guided surgery during minimally invasive robot-assisted surgery. Intraoperatively, y-probes
not only facilitate intraoperative in vivo guidance but also enable ex vivo measurements to confirm
successful resection of these metastatic PC lesions, with a specificity of more than 95% for *°™Tc-
PSMA-1&S(11).

Cerenkov Luminescence Imaging (CLI) is based on the detection of photons produced in

a dielectric medium, when the medium interacts with B3-particles traveling at a speed greater than
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the velocity of light. Cerenkov luminescence predominantly comprises ultraviolet and blue light,
that is highly susceptible to attenuation in biological tissue, therefore, limiting CLI to the detection
of signals emitted in superficial tissue layers (16,17). In the context of RP, the detected signals
can accordingly be indicative of a PRM (13,14).

Feasibility and safety of ®®Ga-PSMA-CLI has recently been demonstrated in RP. However,
it must be noted here that so far only feasibility studies are described and larger multicenter
randomized trials are pending. In addition, clinical application without intraoperative tracer
injection is challenged by the short half-life of ®®Ga and the time required for prostate removal. (18-
20). *F-PSMA-CLI would easily overcome this restriction with respect to the half-life. However,
one limitation for 8F may arise from having a theoretically 26-fold lower Cherenkov light yield
compared to ®Ga, which is caused by the lower B*-energy (21).

An alternative way of generating photons that can be detected by the same imaging system
as in CLI may be introduced by adding a scintillator between the specimen and the detectors. In
this novel approach, called flexible autoradiography (FAR), scintillations are produced by a
micrometers-thick flexible scintillating film draped over an excised specimen (Supplementary
Figure 1). The physical principle differs from CLI in that the high-energy B-particles from the
radiotracer interact with the scintillator, which, subsequently, produces photons in the visible light
spectrum. Since the Cerenkov photons are also detected, this is referred to as FAR-CLI. The main
advantage of a flexible scintillation film compared to conventional rigid autoradiography
techniques is that it conforms to the shape of the excised specimen. By maximizing the contact
area, sectioning of the tissue can be eliminated and increased signal intensity can be achieved.
The thinness of flexible scintillator makes it insensitive to the 18F 511 keV y-photons (22,23). FAR-
CLI in an in-vitro preclinical application increased the signal for 18F by a factor of 11, allowing for
further development of ‘8F tracers also in the context of intraoperative imaging (24). The behavior
of ¥F-PSMA-CLI and *¥F-PSMA-FAR-CLI in human perfused tissue undergoing RP is unknown.

The primary objective of the study is to investigate the feasibility of both modalities in RP,
with examination of the minimum detectable activity level as a secondary objective.

In this study we first investigated the applicability of both imaging modalities — ¥ F-PSMA-
CLI and ®F-PSMA-FAR-CLI - in a mouse model, that processes similar optical characteristics to
those of prostate tissue, and then translated findings to radical prostatectomy. To our knowledge
we are the first to perform CLI and FAR-CLI using ®F-PSMA in PC patients.
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Material and methods

To investigate the imaging behavior and minimum detectable activity concentration of *8F-
PSMA-1007 in CLI and FAR-CLI, a two-step approach was conducted (Figure 1). First, multi-
modal PET/CT (3-Cube / X-Cube, Molecubes, Belgium), as well as CLI and FAR-CLI imaging with
the LightPath® system (Lightpoint Medical Ltd., Chesham, UK) were performed in mice bearing
subcutaneous PSMA-avid RM1-PGLS tumors (25). Subsequently, the findings were transferred
and evaluated in RP. Studies were formally approved by the North Rhine-Westphalia State
Agency for Nature, Environment and Consumer (LANUV; Z.81-02.04.2018.A090) and the local
Ethical Committee of the University of Duisburg-Essen and the ethics committee (19-8749-BO).
Additionally, a dilution series with *¥F-PSMA was prepared and used to measure CLI and FAR-
CLI in Eppendorf-tubes. This was performed to assess the device’s performance in respect to

linearity and minimum detectable activity concentration in the absence of tissue.

Preclinical-Setup: Mouse model

RM1-PGLS cells were cultured in Rosewell Park Memorial Institute 1640 medium/10%
fetal bovine serum at 37°C and 5% CO». Contamination with Mycoplasma was excluded using the
Venor GeM Mycoplasma detection kit (Sigma Aldrich).

Male C57BL/6 mice (5-12 weeks-old, x -y g, Charles River) were bred and housed under
pathogen-free conditions, with food and water ad libitum and a 12/12 hour light-dark cycle. Eight
days before intraperitoneal injection of 2.61 MBq (range: 2.02 — 3.06 MBq) ®*F-PSMA-1007, RM1-
PGLS (0.1 x 106 cells in Matrigel:PBS = 1:1) were injected subcutaneously into the shoulder region
(n=5 mice). MicroPET/CT was performed at 2 hours post injection (p.i.) and reconstructed ACs
were used to correlate the CLI and FAR-CLI signals. Immediately after microPET/CT, mice were
sacrificed for CLI and FAR-CLI. The first CLI/FAR-CLI imaging set-up included the whole mouse
in order to visualize both kidneys and the shoulder region in the LightPath® system. The kidneys
and tumor tissue were then excised and re-examined with the LightPath system. The main
rationale for using mouse specimens was that, in principle, they should have similar optical
characteristics as those of the prostate, and with this provide a more valid surrogate for sensitivity

than Eppendorf tubes, for example (26).

Clinical-Setup: Radical prostatectomy

Patients with histologically confirmed PC without metastases on conventional staging were
scheduled for radical prostatectomy (RP). On the day of surgery, *¥F-PSMA-1007 was injected
intravenously for routine PSMA-PET staging prior to surgery (27). Approximately 60 minutes post-
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injection, PET/CT was performed and assessed by dedicated specialists in Nuclear Medicine. In
case of high-volume metastatic disease on PET/CT, same-day surgery would have been
cancelled. Following PET/CT, RP was performed by one experienced surgeon ahead of extended
pelvic lymph node dissection to minimize signal intensity reduction from radiotracer decay in the
time between 8F-PSMA injection and CLI/FAR-CLI imaging. After retrieval of the prostate, the
prostate was rinsed twice to clear any potential radioactive contamination from blood or urine
followed by imaging of the entire specimen. A total of two or three images were necessary to
capture all sides of the prostate. MRI-guided incision above the index lesion was then performed
followed by imaging (CLI and FAR-CLI) of the lesion. This allowed direct examination of the tumor
tissue with assessment of the present luminescence, corresponding to a PRM. Upon
investigational imaging completion, the prostatectomy specimen was sent for postoperative
histopathological analysis. We recently demonstrated that a single injection of 88Ga-PSMA as part
of the PET/CT/CLI procedure is associated with acceptable occupational exposure (28).
According to the model, the use of '8F-PSMA would increase occupational exposure
comparatively to Ga-PSMA, allowing for 117 procedures until the lower occupational yearly limit
of 6 mSv is reached. Continuous monitoring of the exposed personnel is carried out in accordance
with the legal requirements. Due to the design of this feasibility study, the surgical course remained
unaffected by the intraoperative imaging results, and no further tissue was resected if positive

margins were suspected.

Imaging and image analysis

The LightPath® System, an in vitro diagnostic device, was used to visualise the location
of 28F-PSMA for CLI and FAR-CLI. This system is further described by Ciarrocchi et al.(29). Both
a luminescence image and a gray-scaled image of the specimen were captured through the
system. Both CLI and FAR-CLI were acquired standardized with an acquisition time of 300
seconds, 8x8 binning and no optical filter (29). Of note, image acquisition must be performed in a
light-tight chamber. The 12-um-thick flexible scintillating film (Lightpoint Medical Ltd., Chesham,
UK) used in FAR-CLI, consisted of a multilayer sandwich construction as follows: 3 pm of mylar,
6 uym of P43 scintillating phosphor and 3 ym of mylar (22).

Background signals and elevated signals of both imaging modalities were subsequently
analysed using PMOD (PMOD Version 3.204, PMOD Technologies LLC). Measurements of the
mean radiance (photons/s/cm?/sr) were performed in regions of interest (ROIs) with a 50%-
threshold. 2 dimensional ROIs were selected in areas showing increased signal intensity (tumor)

or no increased signal (tissue background) to calculate contrast-to-noise ratios (CNRS):
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In the absence of increased signal, the corresponding MRI-informed target lesion was

CNR =

contoured. In terms of detectability, foci were considered sufficiently visible with a CNR equal or

greater than 5, a condition also referred to as the rose-criterion (30).

Statistical analysis

Numerical variables were summarized with median values and interquartile ranges (IQR),
categorical variables with proportions (%). To compare medians of non-parametric data, the
Mann-Whitney-U test was used for 2 groups. Spearman’s correlation coefficient was used for
correlation, significance set at p<0.05. The CLI CNR values were plotted as a function of the
measured PET mean AC (decay corrected to the time of CLI) and a linear regression model (least
square method) was applied, constraining the model to pass at the origin (i.e., the condition in
which there is no tracer, the CNR output should be close to zero). Statistical analysis was
performed with IBM SPSS® Statistics Version 26 (IBM, Armonk, USA).
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Results

Preclinical-Setup: Mouse model

Our in vitro assay with ¥F-PSMA demonstrated activity levels in Eppendorf-tubes up to
5.46 kBg/ml for CLI and 1.60 kBg/ml for FAR-CLI (Supplementary Figure 2). Linear regression
between AC and CNR revealed r-square values of 0.91 and 0.85 (both p < 0.0001).

In microPET/CT the reconstructed median AC two hours after tracer administration was
651.72 kBg/ml, 608.56 kBg/ml, and 52.99 kBqg/ml, for the left kidney, right kidney and PC-tissue,
respectively. Linear regression between CLI CNR and the decay corrected PET AC of the 2 h pi
microPET/CT demonstrated r-squares of 0.92 (p < 0.0001) and 0.62 (p < 0.0001) for the excised
organs and whole mouse, respectively (Figure 2).

During examination of the whole mouse, visualization of the subcutaneous PC-tissue was
not possible in CLI in either of the 5 cases. In FAR-CLI 3 cases showed a weak signal with a
minimum AC of 22.16 kBg/ml at a CNR of 7.07. Regarding the examination of excised PC-tissue,
in CLI no signal was detectable with a maximum AC of up to 15 kBg/ml. In contrast, *®F-PSMA
uptake could be visualized by FAR-CLI in all 5 PC samples with a lowest detected AC and CNR
of 7.25 kBg/ml and 5.48, respectively (Figure 3). Despite the different detection threshold, there
was no statistical difference between both FAR-CLI and CLI (p<0.09) and least square linear
regression shows good agreement between both modalities (r-square=0.75; p=0.05). Direct
examination of high ACs revealed a contiguous uptake region of the kidneys and PC tissue in
FAR-CLI. The signal from the PC tumors could be reliably visualized in the single examination
(Supplementary Figure 3). Subsequently, the specimens were placed further apart in the
subsequent measurements.

At time of imaging there was no significant difference in tracer AC between CLI and FAR-
CLI but a significant increase in CNR of visible foci (Supplementary Table 1). Correlation analysis
showed a strong correlation between a higher AC of the excised kidneys and PC-tissue with a
higher CNR, Spearman’s p = 0.783, p < 0.001 for CLI and Spearman’s p = 0.712, p < 0.001 for
FAR-CLI. Examination of the whole mouse also showed a strong correlation for CLI with
Spearman’s p = 0.559, p < 0.001 and FAR-CLI with Spearman’s p = 0.379, p = 0.01.

Clinical-Setup: Radical prostatectomy

In total 7 patients were included in this feasibility study, among those 6 with a high-risk of
progression according to NCCN-guidelines(31). Imaging and patient characteristics are displayed
in Table 1.
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CLI detected a median of 2 lesions on the prostate surface, one of these always at the
bladder neck, with a median CNR of 33.96 (Table 2). In terms of CNR and number of lesions
detected, there was a significant reduction using FAR-CLI (p=0.02), at comparable AC levels. Two
patients showed PRMs after histopathological evaluation. The PRMs consisted once of an
International Society of Urological Pathology Gleason Grading Group (ISUP-GGG) 4 with a
diameter of 2 mm. Both CLI and FAR-CLI showed no signal in the corresponding localisation. The
second PRM with ISUP-GGG 1 and a diameter of 1 mm also showed no corresponding image
morphological correlate in CLI and FAR-CLI. The PRM is histopathologically located apically
dorsal right. CLI and FAR-CLI showed a suspicious signal apical lateral right (Supplementary
Figure 4).

After incision over the MRI-informed index lesion, no luminescence in CLI with a median
CNR of 0.26 was detectable. The mean gain in sensitivity of FAR-CLI in comparison to CLI was
evaluated for Eppendorf tubes, by calculating the fold increase in radiance normalised for AC.
FAR-CLI showed an approximately 2.1-fold radiance enhancement (Supplementary Figure 5).
Median AC at time of incision was 3.06 kBg/ml. In contrast, a suspicious luminescence of PC was
detectable in 6 of 7 patients in FAR-CLI (Figure 4). The AC of the one missed index lesion was
1.85 kBg/ml, resulting in a detection limit of at least 2.06 kBg/ml with a median CNR of 8.78. Direct

anatomical correlation is challenging due to the scintillator overlay.
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Discussion

In mice with subcutaneous PSMA-avid PC, different levels of AC were evaluated in terms
of visualization. Due to the different tracer uptake in kidneys and PC-tissue, it was possible to
generate a broad spectrum of signals over time. Previously, Olde Heuvel et al. described a
detection limit of 3.42 kBg/ml for 8F-CLI in vitro (32). Our in vitro assay demonstrated similar
findings with a detection limit in Eppendorf-tubes of 5.46 kBg/ml for CLI and 1.60 kBg/ml for FAR-
CLI. Such a radiance enhancement was also reported by Pratt and colleagues, who evaluated
nanoparticles in the presence of beta emitters (33). In contrast, no significant CLI signal from PC-
tissue up to 15 kBg/ml was observed in our mouse model. The discrepancies between in-vitro and
mouse measurements can be explained by the absorption (for example by hemoglobin) and
scattering in biological tissues which severely limits sensitivity (34). Based on our study design
with preoperative tracer injection and an estimated time from injection to prostate examination of
approximately 5 hours, AC above 15 kBg/ml is not expected. In contrast to CLI, FAR-CLI
visualized PC tissue up to an activity of 7.25 kBg/ml. A clear discrimination was possible with a
median CNR of 5.48, so that FAR-CLI seems to be a promising modality for low AC levels. We
were able to show that subcutaneous (at < 1 mm depth) PC tumors could be visualized down to
the lowest measured AC of 23.02 kBg/ml in FAR-CLI.

Next, we tested FAR-CLI in men undergoing RP. This first-in-man study investigated the
feasibility to assess tumor margin status and to evaluate minimum detection limits.

After incision there was no increased signal in CLI visible. CLI using a ®F-PSMA did not
provide any useful signals, only luminescence artifacts. In contrast, with the aid of the flexible
scintillator, FAR-CLI detected cancer foci. The minimum detectable AC here was 2.06 kBg/ml with
a CNR of 10.84. On this basis, a good detection of PRMs should be assumed. However, the use
of FAR-CLI for PRM assessment is challenging. PRM were found in 2 patients. In one patient,
histology demonstrated a 2 mm positive margin with an ISUP-GGG 4 at the left seminal vesicle
plateau, but even using FAR-CLI no signal in this area was visible. The second PRM with an ISUP-
GGG of 1 and a length of 1 mm also showed no corresponding correlate in FAR-CLI.

Jurrius et al. also investigated the use of a flexible autoradiography imaging to assess
resection margins. In the context of breast-conserving surgery with 8F-FDG, an overall accuracy
of 80.5% was shown, with a sensitivity of 46.2%. Although a direct comparison between breast
and prostate cancer is difficult, our results do not show the same benefit for FAR-CLI. On the one
hand, this may be due to tumor biology, on the other hand, it may be related to the study design.

A major difference is the timing between tracer injection and measurement of CLI or FAR-CLI

10
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activity. In our study, measurements were taken about 2 hours later compared to the work of
Jurrius et al (23).

In principle, every radioguided-surgery technique requires high contrast-to-noise ratio, high
sensitivity and user friendliness, in order to provide a net benefit for patients and surgeons in
routine care. CLI is able to provide a very good surface contrast, however, as it is shown in this
report, insufficient sensitivity at very low activities, mainly due to tissue light absorption. On the
other hand, FAR-CLI, is able to compensate the lack of sensitivity by increasing the net light output
per emitted beta particle, but it leads to a lower spatial resolution of imaged foci, making difficult
the discrimination of closely located uptake regions. Furthermore, there is a high sensitivity of the
CLI/FAR-CLI to ambient light, so that measurements can only be made in a light-tight chamber.
This must be considered for further implementation of the system. A possible improvement to the
presented method could be achieved by topical application of hanoparticles. Pratt et al described
the advantages of Gd.O3 and Eu,Os, which showed the largest enhancement in radiance. The
combination of Gd,O3 and Eu,Oswith #Ga and *8F, respectively, produced distinct visible emission
peaks (33).

Additional limitations of our manuscript deserve further discussion. In our study setting,
BF-PSMA represents a suboptimal tracer due to very low activity in the context of RP. Although
the half-life is prolonged in contrast to other tracers, the emitted energy is lower. Adjustment of
the current workflow is necessary with respect to higher activity levels at the time of RP. This will
require future optimizations in dosing and timing. However, radiation exposure for medical
personnel and patients must be considered as well as possible negative effects on specificity. The
fact that in most of the patients after incision a signal was detected in FAR-CLI demonstrated
feasibility of *¥F-PSMA-FAR-CLI. In case of suspicious findings, CLI could subsequently be used
for surface assessment. The extent to which this can be applied clinically remains to be
investigated in future studies. The flexible scintillation film is semi-opaque and thus obscures the
white light reference image of the sample, which presents a challenge for accurate correlation of

the FAR-CLI signal with the exact anatomical location on the sample.

Conclusion

The detection of PC by using ®F-PSMA-FAR-CLI is possible - even at low activity levels down to
2.06 kBg/ml. However, anatomical correlation is difficult and detection of PRM failed. 8F-PSMA-

CLI had no value in this setup.

11
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Key-Points

Question:
Are Cerenkov Luminescence (CLI) an Flexible Autoradiography Imaging (FAR-CLI) useful

for displaying prostate cancer cells close to or at the surface of prostatectomy specimen?

Pertinent findings:

In this feasibility study 7 patients undergoing radical prostatectomy with a ¥F-PSMA-
PET/CT scan on the same day were analysed for suspicious intensity levels. FAR-CLI, in contrast
to CLI, was able to clearly highlight prostate cancer cells from surrounding tissue after incision.
However, detection of prostate cancer in positive resection margins was not possible by either

modality.
Implication for patient care:

18E-CLI has no value for the detection of resection margins in a pre-operative *¥F-PSMA

administration protocol. ¥¥F-FAR-CLI is possible, but without meaningful clinical benefit.

13
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Tables and Figures

Table 1

Imaging characteristics

Activity injected in MBq
Median (IQR)

312 (280; 332)

Tracer activity at PET/CT in kBg/ml
Median (IQR)

17.71 (12.46; 34)

Activity at CLI in kBg/ml
Median (IQR)

3.54 (2.57; 6.91)

Time from injection to CLI/FAR-CLI in min
Median (IQR)

329 (308; 333)

Contrast-to-noise ratio
CLI: median (IQR)
FAR-CLI: median (IQR)

0.26 (0; 1.5)
9.13 (4.13; 19.23)

Patient characteristics

Age in years 65.14 (63, 67)
Median (IQR)
Initial PSA in ng/ml 11 (5.1, 22)
Median (IQR)
NCCN-risk at biopsy
High-risk, n (%) 6 (86%)
Intermediate-risk, n (%) 1 (14%)
NCCN-risk score at final histopathology
High-risk, n (%) 5 (71%)
Intermediate-risk, n (%) 2 (29%)
Resection-Status
R1-Resection 2 (29%)
RO-Resection 5 (71%)

Nuclear medicine and patient characteristics. Values are given as median and interquartile range
or absolute numbers and percent. FAR: Flexible Autoradiography, CLI: Cerenkov Luminescence
Imaging, IQR: Interquartile range, NCCN: National Comprehensive Cancer Network, PSA:

prostate-specific antigen
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1 Table2

2
Intact prostate specimen (n=7)
CLlI FAR-CLI p-value

Activity in kBg/ml 3.53 (2.57, 6.91) 3.95 (2.16, 7.22) n.s.

Median (IQR)

CNR 33.96 (15.71, 43.29) 6.13 (4.07, 21.43) 0.02

Median (IQR)

Lesions 2(1,2) 1(0.5,1) 0.02

Median (IQR)

Incised prostate specimen (n=7)
CLlI FAR-CLI p-value

Activity in kBg/ml 3.06 (1.98, 5.98) 2.8 (2.06, 5.72) n.s.

Median (IQR)

CNR 0.26 (0, 1.5) 9.53 (4.13, 19.23) 0.002

Median (IQR)
3  Cerenkov Luminescence and Autoradiography Imaging measurements of the prostatectomy
4  specimen with the corresponding activity levels. Measured intensities are stated as contrast-to-
5 noise ratio. All data are given in median and interquartile range. Significance set at p<0.05. FAR:
6  Flexible Autoradiography, CLI: Cerenkov Luminescence Imaging, CNR: Contrast-to-noise-ratio,
7 IQR: Interquartile range, n.s.: not significant
8
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2 Figurel

A Micro-PET/CT Mouse model LightPath system
100% 7

/)
@ Inj. 8F-PSMA

Radiance Radiance (ph/s/cm?/sr)

0%

B MIP PET/CT Prostate

Inj. 8F-PSMA

3

4  Study design. A: Injection of *¥F-PSMA into tumor-bearing mice. 2 hours afterwards, microPET/CT

5 was performed. Next, Cerenkov Luminescence Imaging (CLI) and Flexible Autoradiography (FAR)

6 of the whole mouse were acquired followed by analysis of the excised kidneys and prostate

7  carcinoma tissue.

8 B:Inasecond approach, the examination of the prostate specimen in patients undergoing radical

9 prostatectomy was performed, with direct preoperative 8F-PSMA PET/CT. Removal of the
10 prostate was followed by immediate examination of the intact prostate specimen and the target
11  lesion (after incision) by CLI and FAR.
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Figure 2
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Linear regression of preclinical Cerenkov Luminescence Imaging (CLI) with the standardized
imaging protocol. Contrast-to-noise ratio is plotted against microPET/CT activity concentration.
Figure A shows the PET vs. whole mouse CLI comparison. Figure B shows PET vs. excised
kidneys and prostate carcinoma tissue comparison.
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Visual detectability of the excised kidneys and prostate cancer tissue. Contrast-to-noise ratio is
plotted against microPET/CT activity concentration. The highest AC region corresponds to signals
from the kidneys, while the lowest cluster refers to prostate cancer signals. Foci with a CNR = 5
were considered detectable (Rose criterium).
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Figure 4

==
Radiance Rad|

Gray-scale photographic images overlaid with Cerenkov signals (CLI, A-D top) and
Autoradiography-lmaging (FAR-CLI, A-D bottom) of incised prostate specimens. In CLI no
Hotspots in the prostate cancer lesion was observed (A-D top, black arrow). Hotspots in the FAR-
CLI are indicated by white arrows. The corresponding area in CLI is marked with black arrows.
Artificial signals in CLI are marked with a black * and the correlating FAR-CLI-signals are marked
with a white *. Histopathology proved the absence of prostate cancer (PC) at the surface. A and
B (bottom) show a good signal in FAR-CLI with a contrast-to-noise ratio (CNR) of 9.13 and 23.03.
In C (bottom), no increased signal was detectable in PC with an activity of 1.85 kBg/ml and a
corresponding CNR of 3.69. In D (bottom) increased signals with a CNR of 10.84 at an activity of
2.06 kBg/ml was visible.
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Supplementary Material

Supplementary Table 1

Mouse model

Kidneys (n=10) CLI FAR-CLI p-value
Activity in kBg/ml 339.58 (303.67; 391.12) | 296.38 (268.97, 361.94) n.s.
Median (IQR)
CNR 15.85 (9.15; 22.06) 16.12 (8.71, 22.78) n.s.
Median (IQR)
Prostate cancer (n=5) | CLI FAR-CLI
Activity in kBg/ml 29.23 (26.26, 36.21) 26.92 (22.85, 33.45) n.s.
Median (IQR)
CNR 3.33 (2.05, 4.18) 4.1 (3.03, 12.03) n.s.
Median (IQR)

Kidneys / Prostate cancer
Kidneys (n=10) CLI FAR-CLI p-value
Activity in kBg/ml 113.85 (98.65, 134.93) 103.56 (85.82, 121.3) n.s.
Median (IQR)
CNR 21.29 (17.8, 29.12) 28.68 (26.32, 47.25) 0.04
Median (IQR)
Prostate cancer (n=5) | CLI FAR-CLI
Activity in kBg/ml 9.92 (8.61, 12.71) 9.03 (7.63, 11.36) n.s.
Median (IQR)
CNR 1.16 (0.77, 1.89) 13.7 (8.97, 20.65) 0.009
Median (IQR)

Cerenkov luminescence and flexible autoradiography imaging measurements of the mouse model
and the kidneys / prostate cancer tissue with the corresponding activity levels. Measured
intensities are stated as contrast to noise ratio (CNR). All data are given as median and
interquartile range. Significance was set at p<0.05. FAR: Flexible Autoradiography, CLI: Cerenkov
Luminescence Imaging, CNR: Contrast-to-noise-ratio, IQR: Interquartile range, n.s.: not significant
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Supplementary Figure 1

Cell without
18F-PSMA

Cell containing
18F-PSMA

Emission of
B-particles

Interaction of B-
particles with
the scintillator

Applied flexible
scintillator

Cerenkov
Photons

Scintillation
Photons

| Cerenkov Luminescence Imaging |

Ultra-sensitive emCCD camera

Flexible Autoradiography Imaging and
Cerenkov Luminescence Imaging

Ultra-sensitive emCCD camera

AAdsan

Schematic representation of Cerenkov Luminescence Imaging on the left and Flexible

Autoradiography and Cerenkov Luminescence Imaging on the right using a flexible scintillating

film. Tumor cells binding '®F-PSMA emit B+-particles, which in turn emit Cerenkov optical

photons or which are converted to scintillation photons by the flexible scintillator. As B+-particles
travel a limited distance in tissue, '®F-PSMA containing cells are detected only near the surface.

The photons (Cerenkov photons and scintillation photons) are measured by an ultra-sensitive

emCCD camera.
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Supplementary Figure 2
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CLI (panel A top row) and FAR-CLI (panel A bottom row) radiance (photons/s/cm2/sr) of 18F
solutions in Eppendorf tubes. Through dilution series (using distilled water), activity concentrations
(AC) between 66.2 - 1.9 kBg/ml for CLI and 57.13 - 1.6 kBg/ml for FAR-CLI| were examined. A
illustrates the 3 highest ACs on the left, from outside to inside and the lowest 3 ACs on the right,
from inside to outside; see panel B. Linearity and minimum detectable activity concentration are
shown in panel B.



1  Supplementary Figure 3
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Gray-scale photographic images overlaid with CLI signals of the two mouse kidneys at the bottom
and prostate cancer (PC) tissue at the top (A). In FAR-CLI (B) the PC signal cannot be clearly
delineated (arrow) due to the strong radiation of the kidneys; thus, a separate image was taken
only from PC. FAR-CLI showed a good signal of PC with a contrast-to-noise ratio of 20.16 and an
activity of 7.85 kBqg/ml; the asterisk marks an artificial signal (C).
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Supplementary Figure 4
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Gray-scale photographic images overlaid with Cerenkov signals (CLI, A+B top) and Flexible
Autoradiography (FAR-CLI, A+B bottom) of two intact prostate specimens with histopathological
proven positive resection margins (PRM). The area of the PRM is marked with a black asterisk *
for CLI and a white asterisk * for FAR-CLI. Hotspots in FAR-CLI are indicated by white arrows,
with the corresponding area in CLI indicated by black arrows. In images A, histopathology
showed a PRM apically dorsal left, without corresponding photon signals. In images B,
histopathology showed a PRM at the left seminal vesicle plateau, but a corresponding image
signal could only be derived at the ventral prostate surface.
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Supplementary Figure 5

3.0

2.5

2.0

1.5

1.0

FAR-CLI photon flux increase (-fold)

0.5

10 20 30 40

Activity concentration (kBg/mL)

Radiance enhancement of FAR-CLI relatively to CLI in Eppendorf tubes filled with '8F. Here the
background corrected radiance levels were normalised to the activity concentration, decay
corrected to the time-point of measurement.



	ADP8C82.tmp
	Supplementary Table 1
	Supplementary Figure 1
	Supplementary Figure 2
	Supplementary Figure 3
	Supplementary Figure 4
	Supplementary Figure 5




