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ABSTRACT 21 

   Introduction. Cerenkov luminescence imaging (CLI) is a novel imaging technology that might have the ability to 22 

assess surgical margins intra-operatively during prostatectomy using Gallium-68 prostate-specific membrane antigen 23 

([68Ga]Ga-PSMA-11). This study evaluates the accuracy of CLI compared to histopathology and as exploratory 24 

objective investigates the characteristics of the identified chemiluminescence signal. 25 

   Materials and Methods. After intravenous injection of a mean 68Ga-PSMA-11 activity of 69MBq intraoperatively, 26 

all excised specimens were imaged with CLI. Areas of increased signal were marked for histopathological 27 

comparison and scored for likelihood of being a positive surgical margin (PSM) using a 5-point Likert scale. In 28 

addition, the chemiluminescence signal was investigated in three radioactive and three non-radioactive specimens 29 

using CLI. 30 

   Results. In 15 patients, the agreement between CLI and histopathology was 60%; this improved to 83% when 31 

including close surgical margins (≤1mm). In six hotspots, CLI correctly identified PSMs on histopathology, located 32 

at the apex and mid-prostate. In all 15 patients an increased signal at the prostate base was observed, without the 33 

presence of the primary tumor in this area in eight patients. This chemiluminescence signal was also observed in 34 

non-radioactive prostate specimens, with a half-life of 48±11min. The chemiluminescence hampered the visual 35 

interpretation of four PSMs at the base.  36 

   Conclusion. CLI is able to correctly identify margin status, including close margins, in 83% of the cases. The 37 

presence of a diathermy-induced chemiluminescent signal hampered image interpretation, especially at the base of 38 

the prostate. In the current form, CLI is most applicable to detect PSMs and close margins in the apex and mid-39 

prostate.  40 

   Keywords. Cerenkov luminescence imaging, prostate cancer, 68-Gallium-PSMA, intra-operative assessment, 41 

surgical margins   42 



INTRODUCTION 43 

Positive surgical margins (PSMs) on histopathology occur in 11-38% of the patients undergoing a radical 44 

prostatectomy(1,2). These men have a higher risk of receiving adjuvant local radiotherapy(1,3). Multiple intra-45 

operative margin assessment technologies are developed that aim to enable a radical excision(4). Of these, 46 

NeuroSAFE is currently the only method used for clinical decision making with good diagnostic accuracy 47 

(sensitivity: 93.5% & specificity: 98.8%)(5), but the procedure is labor intensive, time consuming and costly and 48 

prone to sampling errors and therefore only used in a small number of centers(6). In addition, a study showed that 49 

70% of the secondary resections due to a PSM on NeuroSAFE did not contain tumor(7).  50 

A recently introduced technology to aid intra-operative margin assessment is Cerenkov luminescence 51 

imaging (CLI)(8–12). Cerenkov radiation is induced when a charged particle travels faster than the velocity of light 52 

in the tissue, thus polarizing the tissue. When the locally polarized medium returns to its ground state, Cerenkov 53 

photons are emitted(10). Tumor-specific tracers, like 68Gallium prostate-specific-membrane antigen ([68Ga]Ga-54 

PSMA-11), induce Cerenkov radiation and the detected rays from superficial layers can guide towards areas with 55 

high suspicion of a PSM. Recent studies on this application have already shown the feasibility and safety of this 56 

technique(13,14).  57 

During radical prostatectomy, electrosurgery (i.e. diathermy) is used for cutting and coagulation of tissue. 58 

This technique uses radio-frequency currents to increase the intracellular temperature, which in turn can result in 59 

vaporization and blood clotting. A preclinical study suggested that heat may induce chemiluminescence with 60 

wavelengths between 400-710nm(15,16), which overlap with the Cerenkov spectrum (400-1000nm)(9). Thus, this 61 

chemiluminescence might interfere with the CLI signal, indicating a potential limitation(15,16). However, these 62 

studies were conducted with animal tissue and used other thermal sources, thus the spectrum, half-life and other 63 

features in human perfused tissue after diathermy application are unknown. 64 

In our prior study the technical feasibility of 68Ga-PSMA-11 CLI for margin assessment was assessed in a 65 

small population with prostate cancer (PCa)(14). This consecutive study evaluates the accuracy of CLI compared to 66 

histopathology in a larger population, and as a explorative objective investigates the characteristics of a 67 

chemiluminescent signal observed on CLI.   68 



MATERIALS AND METHODS 69 

The present study was approved by the local Ethics Committee (NL8256, trialregister.nl) and all subjects 70 

signed written informed consent. High-risk primary PCa patients scheduled for robot-assisted radical prostatectomy 71 

were enrolled. The inclusion criteria were biopsy proven prostate cancer with a tumor lesion ≥1.5cm on MRI and a 72 

PSMA-positive intra-prostatic lesion on PSMA PET/CT (18F-DCFPyL or 68Ga-PSMA-11). The exclusion criterion 73 

was the use of Indocyanine green during surgery (not standard of care), since this may influence CLI measurements. 74 

In all patients, CLI was not used for surgical or histopathological decision making. 75 

Surgery and Intra-operative CLI  76 

An intravenous injection of ~100MBq [68Ga]Ga-HBED-CC-PSMA (ABX GmbH, Radeberg, Germany) was 77 

given after docking the daVinci® surgical system. Immediately after prostatectomy, ex vivo Cerenkov images of the 78 

prostate specimen were acquired with the LightPath® system (Lightpoint Medical Ltd, Chesham, UK) using the 79 

following imaging parameters: exposure time of 150s, 8×8 pixel binning (pixel resolution 938µm), no optical filter. 80 

A 550nm shortpass filter was applied when areas of increased signal (called “hotspots”) were visualized on non-81 

filtered images. 82 

Understanding the Characteristics of the Chemiluminescent signal 83 

   Effect of Urine Contamination on CLI. Since 68Ga-PSMA-11 undergoes renal clearance, it was verified if 84 

radioactive urine might affect CLI, by first imaging three specimens without rinsing from potential blood and urine 85 

contamination. Subsequently, it was rinsed twice with 500mL 0.9% sodium chloride (NaCl) and imaged again. The 86 

visual and quantitative difference between the images were compared. In the other patients, CLI was performed after 87 

rinsing the prostate once with 500mL of 0.9% NaCl. 88 

   CLI and Flexible Autoradiography (FAR) of Non-radioactive Prostate Specimens. The prostate specimens of three 89 

patients undergoing prostatectomy without injection of 68Ga-PSMA-11 (the ‘non-radioactive specimens’) were 90 

imaged with CLI to investigate the characteristics of the chemiluminescence signal. On these images multiple 91 

regions of interest were drawn to quantify any chemiluminescence signal and the reduction in this signal by applying 92 

a 550nm shortpass filter (application of 800nm shortpass filter in Supplemental Fig. 1). The half-life of 93 

chemiluminescence was determined by consecutive imaging over ~60 minutes.  94 



To investigate an alternative imaging method that is potentially less susceptible to chemiluminescence than 95 

CLI, flexible autoradiography (FAR) was used on non-radioactive specimens. A 12μm flexible scintillating film 96 

(Lightpoint Medical Ltd. and Scintacor Ltd., UK) was draped over the specimen, and as a whole this was imaged 97 

within the LightPath system, thus discarding the need to development a scintillating film. The opaque nature of the 98 

scintillator may block some of the chemiluminescent photons while detecting the positrons emitted by 68Ga-PSMA-99 

11(17). The reduction in chemiluminescent signal from photon absorption by the FAR was assessed, as well as the 100 

half-life over a ~60 minute measurement period.  101 

   FAR on 68Ga-PSMA-11 Containing Prostate Specimens. In three CLI patients, FAR was used on 68Ga-PSMA-11 102 

containing prostate specimens in addition to CLI imaging. Images with and without 550nm shortpass filter were 103 

acquired to investigate the effect of the FAR on the signal originating from 68Ga-PSMA-11 uptake and in relation to 104 

chemiluminescence. 105 

Histopathology 106 

After CLI acquisitions, the specimens were send for standard histopathological examination by an 107 

experienced uropathologist (EMB). A PSM was defined as cancer extending into the inked surface in accordance 108 

with the guidelines(18). At the marked locations the tumor-to-margin distance was measured.  109 

Image Analysis 110 

Image quantification and processing was performed in MATLAB R2017b (The MathWorks, Natick, USA) 111 

as previously described(14). The mean radiance (photons/s/cm2/steradian) was measured in areas showing ‘hotspots’ 112 

(suspected tumor) and in areas with no increased signal (tissue background), the signal-to-tissue background ratios 113 

(SBRs) were calculated. Hotspots were defined as all signals higher than 3 times the standard deviation (sd) of the 114 

empty background(19). Visual interpretation of all images was performed post-operatively by two independent 115 

readers (JoH, LdWvdV). All hotspots were scored to assess the likelihood of such a spot actually being a PSM using 116 

a 5-point Likert scale (1 – most likely negative surgical margin (NSM), 5 – most likely PSM). Features used to 117 

interpret hotspots were: knowledge of the tumor location on PSMA PET/CT, size of the hotspot (required size ≥1mm 118 

due to 8×8 binning), intensity above tissue background, and usage of diathermy. Observers were blinded for each 119 

other’s scores and histopathology; any disagreement was settled in consensus. A score on the Likert scale (LS) of 4 120 

and 5 was considered PSM in further analysis, 1-3 as NSM. The extent of the PSMs was measured on CLI images 121 



(longest axis) and compared to the extent measured on histopathology. Agreement between the margin status on 122 

histopathology and CLI was assessed in three areas of the prostate: base (top 1cm), mid-gland and apex (bottom 123 

1cm). The agreement was calculated with and without additional scoring (using the LS), and with and without 124 

inclusion of a close surgical margin (CSM≤1mm tumor to margin distance).  125 



RESULTS 126 

Results Intra-operative CLI Radioactive Specimens 127 

In this study 17 patients were included. One patient had to be excluded due to an unsuccessful 68Ga-PSMA-128 

11 labelling on the day of the surgery and one due to the use of Indocyanine green, leaving 15 patients to be included 129 

in the analysis. The mean injected activity was 69±27MBq (range 23-121MBq), with on average 70±15min (range 130 

44-105min) between injection and CLI acquisition. The patient and procedure characteristics can be found in Table 131 

1.  132 

Fig. 1 displays examples of CLI images showing hotspots identified as PSM, NSM or CSM on 133 

histopathology. The overall agreement between CLI (‘hotspot’) and histopathology with respect to the margin status 134 

(PSM or NSM) was 31% without further Likert scoring by users (Fig. 2 & Supplemental Table 1). This overall 135 

agreement improved to 59% when ≤1mm margins (CSM) on histopathology were also classified as positive. 136 

Discordance between CLI and histopathology was mainly present at the prostate base.  137 

Additionally, all hotspots on CLI were interpreted using the 5-point Likert score (LS) by the independent 138 

users. A disagreement between readers occurred in eight hotspots, and concordance was settled in consensus. In all 139 

these cases, the disagreement concerned 4 versus 5, or 1 versus 2-3. With the addition of the Likert score, overall 140 

agreement between CLI and histopathology was 60%, which improved to 83% with inclusion of CSM. Ten hotspots 141 

were actually identified as histopathological confirmed PSM (Table 2); six were detected at the apex/mid-prostate 142 

with a LS ≥4 (true positive), and four were detected at the base with a LS of 3 (false negative). There were no proven 143 

PSMs that did not show signal on CLI. The extent of PSM measured on CLI and histopathology showed in 5/10 144 

PSMs a difference of less than 1mm, Table 2.  145 

The average±sd SBR of PSM was 7.1±3.5, CSM was SBR:5.0±1.9 and for NSM this was 5.8±3.9 on a non-146 

filtered image, Fig. 3.  147 

In all 15 patients, an intense signal was observed on CLI at the prostate base, Fig. 3. In eight of these 148 

patients the tumor was not located in the base, as indicated on pre-operative PET/CT. These findings indicate the 149 

presence of an additional chemiluminescence signal, which may explain the high false negative rate at the base. 150 



Understanding the Characteristics of the Chemiluminescent Signal 151 

   Effect of Urine Contamination on CLI. After rinsing once, the chemiluminescence signal at the base was reduced to 152 

93% of the original CLI-signal (Supplemental Fig.2). After the second rinsing, the signal decreased to 88% 153 

compared to the unrinsed prostate. Time between the rinsed images and unrinsed image was respectively 5 and 10 154 

minutes.  155 

   CLI and FAR of Non-radioactive Prostate Specimens. The chemiluminescent signal was also visible on CLI 156 

images from three ‘non-radioactive specimens’, primarily at the base, Fig. 4. This observation underlines the 157 

hypothesis that chemiluminescence is not originating from 68Ga-PSMA-11. The SBR of the chemiluminescence was 158 

4.9±1.1 on the unfiltered image. The half-life without an optical filter was 48±11min, and 52±16min with the 550nm 159 

filter. The application of a 550nm shortpass filter resulted in a reduction to 15% of the original chemiluminescence 160 

signal, which was comparable to the CLI signal reduction by filtering in radioactive specimens (18%). The 161 

application of FAR resulted in the reduction of the chemiluminescent signal to 60% of the original CLI image, both 162 

with and without 550nm filtering, Fig. 5.  163 

   FAR on 68Ga-PSMA-11 Containing Prostate Specimens. FAR put on the radioactive specimens reduced the 164 

chemiluminescence to 70% at locations where diathermy was applied. Whereas tumor and tissue background signals 165 

were amplified by FAR on average 3.2 times the original signal (Fig. 5 and Supplemental Fig.3).   166 



DISCUSSION 167 

The primary aim of the current study was to assess the concordance in margin status between intra-operative 168 

CLI and post-operative histopathology. This study showed that agreement between CLI and histopathology ranged 169 

from 31-83% depending on definition of PSM and addition of  by Likert score. The explorative aim of the study was 170 

to characterize the observed chemiluminescence. It was concluded that this signal is unrelated to 68Ga-PSMA-11, has 171 

a mean SBR of 4.9±1.1 and a half-life of 48±11 minutes. This chemiluminescence indeed proved clinically relevant 172 

as it hampered easy identification of 4/10 PSMs on CLI, all four located at the base.  173 

When considering the histopathological PSM definition as tumor on ink, the false positive rate found in the 174 

current study was considered high; with 24/30 hotspots (LS≥4) not having a PSM on histopathology (agreement 175 

31%). Comparable false positive rates are also described by Darr et al., though their workflow and CLI protocol is 176 

slightly different(13). Several explanations for these false-positives findings can be considered. Firstly, in 19 false 177 

positives the tumor-to-margin distance was within 1mm on histopathology. Due to the average positron range of 178 

2.8mm for 68Ga(20), the CLI technique has inherent difficulties in the detection of PSM defined as ‘tumor on ink’. If 179 

instead of tumor on ink a PSM is defined as a margin of ≤1mm, agreement between CLI and histopathology 180 

increases to 83%. The clinical relevance of a CSM is contradicting; some argue that having a CSM results in a higher 181 

rate of biochemical recurrence compared to a NSM, though it is not an independent predictor(21). The role of a CSM 182 

in biochemical recurrence is found by Izard et al. as well, though having a CSM definition of <0.1mm(22). CLI 183 

might have added value to guide surgeons toward areas with an increased risks on PSM and CSM. The positron 184 

range might as well influence the correlation between the extent of the PSM on CLI and histopathology; in 5/10 185 

PSMs the deviation between the extent on CLI and histopathology was more than 1mm (Table 2). This can as well 186 

be caused by shrinkage of the specimen during fixation and histopathological processing. Still, it is worth further 187 

exploring, as the extent of a PSM is an important prognostic factor(23).  188 

Secondly, the presence of the chemiluminescence signal also contributed to the false positive findings, 189 

especially in the base. In all included patients chemiluminescence was visible in the base in varying degrees, even 190 

when the primary tumor was not located there, and it was observed in non-radioactive specimens as well. The latter 191 

proved that this signal does not originate from 68Ga-PSMA-11. Extensive rinsing with sodium chloride did not make 192 

the signal disappear, thus eliminating the effect of radioactive urine and blood contamination, as was initially 193 



suggested by Darr et al.(13). Our hypothesis is that this signal is chemiluminescence, caused by the use of diathermy. 194 

The sudden heat from electro surgery, is known to result in the production of Reactive Oxygen Species(24). After a 195 

cascade of reactions, decomposition of the molecule occurs resulting in emission of optical photons. These photons 196 

partially overlap with the Cerenkov spectrum(9,13,14). In our institute, diathermy is mainly performed when 197 

separating the prostate from the bladder, though it is also used in other areas. Therefore, chemiluminescence is most 198 

prevalent at the base, explaining why the correspondence between CLI (hotspot yes/no) and histopathology was only 199 

20% (Fig.2). Despite the fact that the addition of image interpretation with a Likert score improved agreement, four 200 

PSMs at the base were false negative on CLI with a LS of 3, Fig. 3C. To facilitate better detectability of PSMs a 201 

method to distinguish between Cerenkov and the diathermy-induced chemiluminescence is eminent. 202 

The mean SBR of the chemiluminescent signal and PSM-suspected hotspots on unfiltered images were 203 

comparable: 4.9±1.1 and 5.3±2.3, respectively, Fig. 3. In 550nm filtered images the SBR of the PSM was larger 204 

9.9±5.5 then chemiluminescent 4.2±0.3, though they still overlap. Next, filtered images are more susceptible to noise 205 

resulting in high SBRs. A study by Spinelli et al. found a heat-induced chemiluminescent half-life of 4-6 minutes in 206 

chicken breast tissue(15). They suggested a potential distinction between Cerenkov and chemiluminescence based on 207 

half-life. However, the half-life’s of both signals in prostatic tissue showed large overlap; chemiluminescence half-208 

life was 48±11 minutes compared to 68 minutes for 68Ga. The discrepancy in chemiluminescence half-life compared 209 

with Spinelli et al. may be explained by the differences in tissue composition and methods used to induce thermal 210 

damage. A focused ultrasound transducer (60Watt) was used by Spinelli et al. (15), while in our institution a 211 

monopolar diathermy device (Intuitive, Sunnyvale, CA) at 40Watt was used.  212 

Another solution may be to look for alternative forms for monopolar diathermy, with a lower wattage 213 

resulting in less thermal induction and spread(25,26), for example the PEAK PlasmaBlade (Medtronic, USA). Next, 214 

a theoretical method to reduce the presence of free radicals in tissue, thereby preventing lipid peroxidation, might be 215 

the use of anti-oxidants like vitamin-C or E(27) or to investigate the influence of rapid cooling. Whether these are 216 

viable solutions requires further investigation and for clinical use it is of key importance that they do not interfere 217 

with the surgical outcome or histopathological evaluation of the specimens. 218 

FAR, an opaque film that largely blocks optical photons while positrons are detected directly, was used to 219 

investigate if this is less susceptible to chemiluminescence as CLI. The signal originating from 68Ga-PSMA-11 220 



containing areas (tumor and benign) were enhanced ~3.2 times, compared to these areas on CLI (Fig. 5 & 221 

Supplemental Fig.3), whereas chemiluminescence was reduced to 70%. Although this technique might help to 222 

distinguish between 68Ga-PSMA-11 and chemiluminescence, there are some practical drawbacks to consider. Firstly, 223 

the FAR obscures the white light image, so the anatomical and spatial information of the specimen is absent. 224 

Secondly, accurate positioning of the FAR onto the specimen proved challenging, and more work is needed to 225 

improve its ease of use. Thirdly, the FAR does not block all optical photons originating from the chemiluminescence, 226 

Fig. 5. Finally, contamination of the scintillator might lead to false positive hotspots, Fig. 5.  227 

Future Perspectives on CLI 228 

The current histopathological definition of a PSM, being tumor on ink, is a requirement that currently 229 

cannot be met with 68Ga-PSMA-CLI. Therefore, instead of being used as a stand-alone technology our group 230 

proposes CLI as screening tool for using NeuroSAFE. By sending only areas that show suspicious hotspots on 231 

Cerenkov images for pathological examination, instead of the entire neurovascular bundle, the procedure may 232 

become far more efficient (Supplemental Fig.4). 60-75% of the PSMs occur at the apex or posterolateral side of the 233 

prostate (23,28), while the chemiluminescence occurs especially at the base. When diathermy is used in other 234 

prostate area’s the surgeons are able to identify these locations visually, so inclusion of this knowledge during image 235 

interpretation may further improve the accuracy of CLI for combined use with NeuroSAFE.  236 

CONCLUSION 237 

CLI of 68Ga-PSMA-11 can be used for margin assessment during prostatectomy. In the current study 238 

agreement between CLI and histopathology was 31-83% for the entire prostate, depending on definition of PSM and 239 

application of image interpretation using the Likert scale. The best results were achieved for cancer ≤1mm from the 240 

margin on histopathology. The presence of chemiluminescence from diathermy, especially profound in the basal 241 

area, hampers accurate image interpretation of CLI. Therefore, 68Ga-PSMA-11 CLI is most applicable to detect close 242 

and positive surgical margins in the apex and posterolateral side.   243 
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 249 

KEY POINTS 250 

QUESTION: Can CLI be used to detect positive surgical margins intra-operatively in prostate cancer surgery? 251 

PERTINENT FINDINGS: In this clinical trial of 15 patients, CLI was able to detect positive surgical margins and 252 

tumor close to the surface (≤1mm). Still, the presence of diathermy-induced chemiluminescence hampers the 253 

application in its current form. 254 

IMPLICATIONS FOR PATIENT CARE: CLI showed potential as intra-operative method to find tumor close to the 255 

surface, however, the influence of a chemiluminescent artifact on the CLI images should be reduced prior to clinical 256 

implementation. 257 

 258 
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TABLE 1. Patient demographics, TNM classification, tumor characteristics, TBR on pre-operative PET/CT-scan, and 

information regarding CLI imaging.  

 

*Estimation made based on uptake on preoperative PET imaging, uptake in prostate as %injected activity, TBR=tumor-to-

background ratio. TNM classification according to American Joint Committee on Cancer Cancer Staging Manual. c=clinical, 

p=pathological, T=tumor, N=node, M=metastasis. R0=negative surgical margin, R1=positive surgical margin. 

Patient 
No. 

Age 
(y)  

TNM pre-
operative 

TNM post-
operative 

PSA  
(µg/L) 

Gleason 
Score pre-
operative 

biopsy 

TBR 
on 

PSMA 
PET 

Intra-
operative 
injected 
activity  
 (MBq) 

Time 
between 
injection 
and CLI 
imaging 
hh:mm  

Estimated* 
activity in 
prostate at 
start CLI-
imaging  

(kBq) 

1 67 cT3bN0M0 pT3aN0R1 29.9 4+4=8 4.9 118.0 01:35 111 
2 71 cT2bN0M0 pT3aN0R1 4.4 4+4=8 8.1 68.4 01:04 93 
3 58 cT1cN0M0 pT2cN0R0 5.3 4+4=8 1.8 88.1 01:25 26 
4 73 cT3bN1M0 pT3bN1R0 8.3 4+5=9 8.9 75.6 00:59 92 
5 66 cT3bN0M0 pT3bN0R0 2.7 4+4=8 2.1 96.7 01:00 52 
6 63 cT2aN0M0 pT2N0R0 6.4 4+5=9 3.8 64.6 01:02 37 
7 55 cT2cN0M0 pT3aN1R0 9.3 4+4=8 3.7 62.1 01:14 61 
8 48 cT3bN1M0 pT3bN1R1 4.4 4+5=9 4.4 23.4 01:05 48 
9 73 cT2cN0M0 PT3aN0R0 5.6 4+3=7 2.7 44.7 00:44 26 

10 69 cT3aN0M0 pT3aN0R1 65 4+5=9 2.4 47.9 00:56 151 
11 72 cT2bN0M0 pT3bN1R0 8.7 4+4=8 2.8 47.6 01:05 42 
12 76 cT1cN0M0 pT2N0R1 9.2 3+4=7 2.5 65.4 01:02 69 
13 65 cT2cN0M0 pT3aN0R1 5.1 4+3=7 1.7 121.1 01:26 8 
14 67 cT2bN0M0 pT3bN0R1 18.6 4+5=9 3.7 37.4 01:14 14 
15 74 cT1cN0M0 pT2cN0R0 7.9 4+4=8 3.5 70.2 01:45 33 



TABLE 2. Overview of the histopathology and CLI results from the ten histopathological PSMs. 

* PSM=positive surgical margin, SBR=signal-to-tissue background ratio 

  

Ptn 
no. 

Location of 
PSM on 

histopathology 

Likert 
score  

SBR CLI Gleason score 
at the PSM 

Extent PSM 
histopathology 

(mm) 

Extent PSM 
CLI (mm) 

1 Apex right 5   13.2 8 3 6.9 
2 Apex left 5   5.9 8 4 4.3 
8 Base central 

Base left 
Apex right 
Base right 

3   
3   
5  
3   

7.1 
6.1 
8.7 
6.1 

10 
10 
10 
9 

14 
14 
15 
10 

14 
12 
12 
9.6 

10 Base central 3   5.1 8 9.0 6.7 
12 Apex posterior/ 

mid-prostate 
5   2.8 3+4=7 6.0 6.5 

13 Apex left 5   2.9 8 1.0 1.4 
14 Apex posterior 

/mid-prostate 
5   12.3 10 2.0 12.0 



 

 

FIGURE 1. Examples of PET/CT and CLI images from four patients. Top row: maximum intensity profile (MIP) of the pre-

operative PSMA PET. Second row: transversal PET/CT slide at the height of the primary tumor. Third row: CLI of excised 

prostate specimens without an optical filter. The arrows locate the hotspot areas, green a PSM, blue an NSM, and pink a CSM 

with the tumor ≤1mm from the margin, according to the pathologist. The corresponding tumor to margin distances on 

histopathology are noted below the images.  

  



 

 

FIGURE 2. Agreement between CLI and histopathology in all patients divided in 3 regions of the prostate. A) shows the 

agreement between CLI hotspot (yes/no) and histopathology (PSM/NSM), excluding CSM  B) the agreement includes CSM 

(≤1mm). C) agreement when adding a Likert score to the CLI hotspot. D) the agreement with Likert score includes CSM. Overall 

agreement is noted below the circles. R=right, L=left, CLI=Cerenkov luminescence imaging, NSM=negative surgical margin, 

PSM=positive surgical margin, CSM=close surgical margin, excl.=excluding, incl.=including.  

 



 

FIGURE 3. CLI images from the prostate base in 68Ga-PSMA-11 patients and a bar chart showing the signal-to-background 

(SBR) of CLI and chemiluminescence. A and B: unfiltered images of chemiluminescence at the base. D and E: the corresponding 

550nm shortpass filtered images. C and F: the base of patient 8, which had multiple PSMs at the base (see blue arrows). These 

images show that visual distinction between of chemiluminescence and actual PSMs is difficult. G: Bar chart displaying the SBR 

of chemiluminescence in non-radioactive specimens and that of PSM, NSM and CSM in patients non-filtered and filtered images. 

The average SBR is derived from all patient data, in which lesions on all sides of the prostate were included. Note the difference 

in scaling. 

 



 

FIGURE 4. Sequential imaging of non-radioactive prostate specimens to determine the effect of time on the intensity of the 

chemiluminescence signal. Top row: images without filter. Bottom row: images with 550nm shortpass filter. The same scaling is 

used in all images. The graph displays the half-life of chemiluminescence in three non-radioactive specimens on filtered and non-

filtered images, and of [68Ga].  



 

 

FIGURE 5. Flexible autoradiography (FAR) images of 68Ga-PSMA-11 containing prostate specimens and non-radioactive 

prostate specimens to investigate the effect of FAR on the tumor and chemiluminescent signal levels. FAR reduced the 

chemiluminescence in both the non-radioactive (60%) and radioactive specimen (70%) (top and bottom row). FAR amplified the 

signal originating from the tumor (center row). The black arrow shows contamination of the scintillator. The same scaling is used 

for all images. 
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Supplemental Figure 1. Cerenkov image of the non-radioactive base imaged with an exposure time of 150s, 8x8 

binning with A) no optical filter, B) a 550nm shortpass filter, C) a 800nm shortpass filter and D) the result of the 

subtraction of C from A, resulting in the theoretical signal present in the 800-1000nm spectrum. The signal of the 

filters resulted in a reduction of 87%, 20% and 80% for B, C, and D, respectively compared to the signal of the 

original non-filtered image (A). Thus, indicating that chemiluminescence was still present, and that differentiation 

using this 800nm shortpass filter in prostate specimens is not helpful for clinical decision-making.   
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Supplemental Figure 2. Effect of rinsing the prostate on the intensity level at the prostate base. First images 

shows the prostate directly after removal, without additional rinsing. The second image is taken 5 minutes later, 

after removal of possible contamination of radioactive urine and blood by using 500mL of sodium chloride. The 

third images is taken again 5 minutes later after rinsing it twice with sodium chloride. Images are acquired without 

an optical filter and the same scaling is applied. The bar chart displays the ratio between the average intensity 

level after rinsing it once or twice compared to the intensity level where no rinsing is applied. 

 

Supplemental Figure 3. A bar chart showing the effect of the application of flexible autoradiography (FAR) in 

different specimens. The signal is displayed as a ratio compared to the unfiltered CLI image without FAR. The 

FAR is applied in non-radioactive and in radioactive specimens. In the latter, the three bar charts display the 

signals originating from areas with tumor, benign tissue and areas where diathermy was applied. Each bar chart 

displays the average ratio and standard deviation measured 3 different specimens.  
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Supplemental Figure 4. Schematic overview of the current NeuroSAFE procedure (top) and potential future 

NeuroSAFE procedure if combined with CLI (bottom). Top: currently the neurovascular bundles are inked left (L) 

and right (R) in a different color. From these bundles frozen sections are obtained. The sections are assessed by 

a pathologist for the presences of tumor in the resection margin near the bundle. Bottom: by using the information 

from CLI certain areas of interest could be identified and subsequently evaluated with NeuroSAFE (see black 

arrow). These areas can then be inked and frozen sections obtained. By focusing only on areas at risk based on 

CLI, less sections need to be made and assessed by NeuroSAFE, thus making the procedure faster. As a CLI 

acquisition of both neurovascular bundles only takes 5 minutes. 
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Supplemental Table 1. Agreement between CLI and histopathology at three regions of the prostate. The regions 

are divided into a PSM, a CSM (tumor ≤1mm from the surface), and a NSM (tumor >1mm away from the surface) 

based on histopathology. CLI is divided into the presence of hotspots (yes/no) and categorized by Likert scores 

(1-3: likely NSM, 4-5: likely PSM). The colors of the cells represent the agreement as follows: if hotspot yes and a 

NSM on histopathology then there is no agreement (red), if it is a PSM on histopathology then green. Orange 

represents the CSM, the agreement depends on the definition: if the agreement excludes the CSM, then the CSM 

is counted as a NSM on histopathology. When including the CSM in the agreement, then the CSM is counted as a 

PSM on histopathology. The agreement between CLI and histopathology is given at every region and overall, 

excluding and including CSM.. LS= Likert Score, PSM= Positive surgical margin, NSM= negative surgical margin, 

CSM= close surgical margin, CLI= Cerenkov luminescence imaging, x= no lesions in this category. 

Loca-
tion 

Based on Histopathology 

Based on CLI 

Hotspot 
yes 

Hotspot 
no 

Hotspot 
yes 

LS 1-3 

Hotspot 
yes 

LS 4-5 

Hotspot 
no 

Base NSM 14 x 15 x x 

CSM 2 x 1 1 x 

PSM 4 x 4 x x 

Agreement excluding CSM 4/20 =20% 15/20=75% 

Agreement including CSM (4+2)/20=30% (15+1)/20=80% 

Mid-
gland 

NSM  3 9 1 2 9 

CSM 6 x 2 4 x 

PSM x x x x x 

Agreement excluding CSM 9/18 =50% (9+1+2)/18=67% 

Agreement including CSM (6+9)/18=83% (9+1+2+4)/18=89% 

Apex NSM 9 x 4 5 x 

CSM 11 x x 11 x 

PSM 6 x x 6 x 

Agreement excluding CSM 6/26 =23% (6+4)/26=38% 

Agreement including CSM (6+11)/26=65% (6+4+11)/26=81% 

Overall Agreement excluding CSM 31% 60% 

Agreement including CSM 59% 83% 
 

 

 


