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General introduction
Prostate cancer 

Prostate cancer (PCa) is the second most common cancer in males in the Nether-
lands, with approximately 12.000 new cases diagnosed each year [1]. Patients with 
metastases at diagnosis (15% of the cases at initial diagnosis) have a relatively 
low 10-year survival rate of 25%, whereas patients with localized PCa (~60% of 
the cases) have a 10-year survival rate of >95%. In patients with locally advanced 
disease (20% of the cases), the 10-year survival rate is 85% [1]. Nevertheless, in 
about a quarter of patients treated with local curative intent, the disease will recur 
in time. Henceforth, it is important to further optimize the strategies for diagnosis 
and treatment of primary PCa.

Clinical presentation and diagnosis 
Patients with prostate cancer usually do not have symptoms in an early stage, as 
most of the tumours are located in the peripheral zone, see Figure 1. In some cases 
the tumour is large enough to oppress the urethra, and patients might suffer from 
lower urinary tract symptoms (LUTS), like obstruction, nocturia and a weak urinary 
flow. 

Figure 1. Schematically overview of the anatomy of the prostate and the zones within left of the urethra 
is the posterior side and right is the anterior side. Obtained from the Canadian Cancer Society [2].
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The diagnosis of PCa is based on different examinations. A digital rectal examina-
tion (DRE) is performed to assess the size and consistency of the prostate, however, 
it has a low predictive value in the diagnosis of prostate cancer [3,4]. In addition, 
the prostate-specific antigen (PSA) level in blood samples is obtained. Although this 
test is very sensitive, the specificity is low. A high PSA level can indicate prostate 
cancer, prostatitis, as well as benign prostate hyperplasia. A (ultrasound-guided) 
prostate biopsy is obtained to determine the Gleason score, which represents the 
architectural features of prostate cancer cells. The result of a biopsy is predictive 
for pathological staging and progression free survival [5,6]. Multi-parametric mag-
netic resonance imaging (mpMRI) is advised for staging the tumour extent, and 
sometimes to indicate lesions for target biopsies. Based on clinical staging (DRE 
and biopsies) and imaging results, the TNM classification of malignant tumours is 
determined. The TNM-stage, the Gleason score and the PSA level divide the PCa 
into risk profiles: local disease (subdivided into low, intermediate and high-risk) [7], 
locally advanced and metastatic disease. 

PET/CT imaging 
In patients with high risk PCa, additional imaging is indicated to assess possible 
lymph node involvement or distant metastasis. Traditionally this was assessed using 
a bone scintigraphy combined with a diagnostic CT, but nowadays positron emission 
tomography (PET) has obtained a prominent role in the Netherlands in this respect. 
In the recent years, new PET-tracers were introduced to detect prostate cancer, tar-
geting the prostate-specific membrane antigen (PSMA). PSMA is a transmembrane 
protein, a folate hydrolase cell surface glycoprotein, which is also expressed in be-
nign tissue and other organs. Still, the overexpression of PSMA is 100-1000 times 
higher in malignant lesions as compared to benign tissue, see Figure 2. The PSMA 
ligand can both be labelled to fluorine-18 (18F) as well as to gallium-68 (68Ga). PSMA 
has shown unprecedented added value in detecting metastatic prostate cancer and 
local recurrence [8,9], where even in patients with low PSA levels the lesions can be 
detected. Next, PSMA has a higher sensitivity than a bone scan for patients in the 
metastatic setting [10]. 

Additionally, PSMA PET/CT scan is deployed as well to stage the primary PCa. Since 
it has a higher diagnostic accuracy in detecting the presence of lymph node in-
volvement and distant metastasis, as compared to conventional imaging (CT and 
bone scan) [11–14]. Besides, the use of PSMA PET/CT scan may lead to changed N 
and M stages, resulting in other treatment strategies in up to 36% of the patients 
compared to the treatment suggestion prior to PSMA PET/CT scan [15,16]. Hence, 
the PSMA PET/CT scan is nowadays advised in the Dutch Guideline for Prostate 
Cancer (version 2.3) in men with a high risk on metastasis, these men have a stage 
≥cT3 and/or PSA≥20ng/ml and/or Gleason Score of ≥8 [17]. 

In general, PSMA PET/CT scans are evaluated with visual assessment performed 
by a nuclear medicine physician; however, (semi-) quantitative measurements can 
contribute valuable information. The latter is often performed by using the metric 
standardized uptake value (SUV), which generally represents the radioactivity con-
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centration in an area, corrected for the injected dose and the patient’s body weight. 
In 18F-FDG (18F-fluorodeoxyglucose) PET/CT scans the SUV value is also used for 
response assessment in several tumour types [18], as an increase in uptake is asso-
ciated with disease progression. However, the use of the SUV metrics in PSMA-PET 
for response assessment and tumour aggressiveness in prostate cancer is still under 
development. 

Therapy for patients with primary PCa
The TNM-stage of PCa influences the choice of treatment, together with the pref-
erence of the patient. Of all patients diagnosed with primary PCa, about 33% will 
undergo a radical prostatectomy [1]. Prostatectomy or radiotherapy are frequently 
performed in patients with limited local disease (T1-T2), however, in some cases ac-
tive surveillance is preferred, which involves frequent PSA tests, DRE, imaging and 
biopsies to monitor the primary tumour. In patients with locally advanced disease 
(T3-T4), about half of the patients will be treated with radiotherapy in combination 
with hormonal treatment. In other patients, surgical treatment is still an option, 
depending on the prognostics of the disease and the potential comorbidities of the 
patient. In case of metastatic disease there are only palliative options, which include 
hormonal therapy, sometimes in combination with chemotherapy or radiotherapy, to 
inhibit disease progression. However, after 1-2 years of palliative treatment the PCa 
will become castrate resistant, resulting in disease progression [19].

Radical prostatectomy
In primary PCa, a radical prostatectomy (RP) can be performed with a curative in-
tent, through open surgery or as a robotic-assisted laparoscopic prostatectomy. 
Robotic surgery has some advantages in comparison to open surgery, such as less 

Figure 2. An example of a 68Ga-PSMA-11 PET/CT scan. A cross section of the prostate tumour (see green 
line on the right) is visible on the fused PET/CT scan on the left, and on the PET scan in the centre. 
Physiological high uptake can be observed in the glands, liver, spleen and kidneys. 68Ga-PSMA-11 is 
excreted via the urinary tract.
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side effects and shorter hospitalization duration [20,21]. With this minimally inva-
sive technique and optical magnification of the surgical field the entire prostate and 
seminal vesicles are removed. In case there is a high risk of lymph node involvement, 
based on the Briganti nomogram [22], (extended) pelvic lymph node dissection can 
be performed as well during surgery. 

After a RP the entire prostate is send to pathology for final histopathological ex-
amination after the surface is inked to persevere orientation, i.e. black for the right 
side and green for the left. This examination comprises an assessment of TNM clas-
sification, Gleason score, extra prostatic extension, invasion of the seminal vesicles 
and surgical margins [23]. The latter is performed to check how radical the surgery 
was performed. In case of a negative surgical margin (NSM), the tumour is removed 
with ≥1 cell-layer distance from the surface. In case of a positive surgical margin 
(PSM), there are still tumour cells present on the inked surface [23], see Figure 3. 
This means that there is an increased risk that tumour cells are still present in the 
surgical field, indicating that the surgery was not radical. 

The risk of a PSM depends on different factors. First of all, the stage of the primary 
tumour, in other words the extension of cancer in the gland. On average, PSMs occur 
in about 20% of the cases [24,25], whereas in T2 the rates are about 10% increasing 

Figure 3. A schematic representation of a positive surgical margin and a negative surgical margin. The 
blue line represents the ink on the prostate. The red cells represent tumour cells, as the grey cells are 
benign. If the tumour cells touch the ink, this is considered to be a PSM. Whereas if there is one layer 
of benign cells between the tumour cell and the ink, a negative margin is given.
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to 40% in T3-tumours [26]. Large tumours (T3-T4) are generally closer to the edge of 
the gland and therefore more prone to result in a PSM. Secondly, more experienced 
surgeons are less likely to provoke a PSM [27]. Finally, the PSM incidence depends 
on the location of the tumour, this is higher in tumours located near the apex, the 
neural vascular bundle or at the base of the prostate [28,29]. As most tumours are 
located in the apex, most PSMs occur over there. Besides, as the base and the apex 
of the prostate do not have a clear ‘boundary’, it is more likely to cause a PSM at 
these sides. In tumour located near the neurovascular bundle, there is a trade-off 
between preserving as much nerves for erectile function while not invoking a PSM. 
In other words, successful surgery is established by both securing good therapeutic 
outcome and preserving sexual function and continence, the so-called trifecta [30].

Consequences of a positive surgical margin
The impact of a PSM remains controversial, and it does not mean disease recurrence 
by definition [31]. In some literature, a PSM is associated with a worse prognostic 
outcome [32,33], and it is described as a statistically independent significant pre-
dictor of recurrence [34,35]. In contrast, in some studies it has been reported that a 
PSM does not affect the progression rate, compared to those with a NSM [36,37]. In 
other words, a PSM has low predictive value for tumour recurrence [31]. 

However, this does not mean that margin status can be neglected. In some pa-
tients adjuvant external radiotherapy is advised to improve progression free survival 
[38,39]. Additionally, it has a psychological burden on a patient, when he knowns 
that there are potentially cancer cells left behind in his body. As a PSM has such an 
influence on the life of patients and the medical expenses, it is important to strive 
for a reduction of the PSM-rate, which might be achieved with technological ad-
vances in intraoperative guidance to aid a radical resection. 

One of the options to perform perioperative surgical margin assessment is the use 
of frozen section analysis [40]. With this technique, areas of suspicion are send to 
pathology during surgery for margin assessment. The result will decide if a re-re-
section is needed to convert a PSM into a NSM. Still, this technique is labour- and 
time intensive and prone to sampling errors. Thus, the search towards intraoperative 
technologies that can guide a more radical resection continues. 

Cerenkov luminescence imaging

Principle of Cerenkov radiation
An emerging technology that might be used to assess surgical margins intraopera-
tively is Cerenkov luminescence imaging (CLI). It is thought that Marie Curie is the 
first to describe the Cerenkov phenomenon in the 19th century, as she writes about 
a blue glow coming from one of the radium-containing bottles. However, Pavel 
Cerenkov is in 1934 the first one who systematically describes the blue light [41].

Cerenkov radiation is induced when a charged particle (positron/electron) travels 
faster than the velocity of light in that specific dielectric medium. As a result, it in-
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duces a polarization by displacing the atoms in the medium. This results in an asym-
metrical polarization, which causes a dipole electric field. As the charged particle 
moves through the tissue, the atoms return to their ground state. The difference in 
energy between these states, is emitted as optical photons, also known as Ceren-
kov radiation (Figure 4) [42]. In other words, the Cerenkov radiation is produced by 
the medium as reaction to the charged particle, not by the charged particle itself; it 
is a so-called secondary emission [43]. The Cerenkov spectrum includes the entire 
range of 350-900 nm, but has its peak in the ultra-violet blue region [44]. 

Cerenkov radiation can only be induced if the charged particle has an energy above 
a certain threshold. Due to the interaction of the charged particle with the sur-
rounding medium, energy is lost which results in an end to the production of Ceren-
kov radiation. The energy threshold depends on the phase velocity in the medium, 
and thereby also on the refractive index (n) of the medium. In water (n=1.33) this 
threshold is 0.264 MeV, whereas in tissue (n=1.4) this is 0.219 MeV [45]. Conse-
quently, the amount of photons emitted in tissue is higher than in water, as the 
energy threshold for Cerenkov emission is lower. 

CLI images can be acquired by detecting the Cerenkov light from PET tracers using 
sensitive optical cameras such as electron-multiplying charge-coupled device (emC-
CD) cameras, one of these devices is shown in Figure 4 [42]. CLI and PET are directly 
correlated, as both techniques measure photons produced by positron-emitting ra-
diopharmaceuticals; PET measures the annihilation photons, and CLI measures the 
Cerenkov photons.

Figure 4. A schematically representation of the principle of Cerenkov radiation. Cerenkov radiation is 
induced when a charged particle travels faster than the velocity of light in that specific dielectric me-
dium. Resulting in polarization in the tissue. As the charged particle moves further, the atoms return 
to their ground state thereby emitting Cerenkov photons under a certain angle. On the right a picture 
of the LightPath system (Lightpoint Medical, Ltd.), this is used to detect Cerenkov radiation by using an 
EMCCD camera. The black arrow points at the drawer in which the specimen can be placed.
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Clinical application of CLI
In 2009 the interest in Cerenkov applications was revived, as Robertson et al. was 
the first to demonstrate the application of PET radiotracers in combination with CLI 
for imaging cancer in vivo [44]. Since then, multiple Cerenkov applications emerged 
in the biomedical field such as: photo activation therapy, Cerenkov luminescence im-
aging dosimetry, radionuclide therapy monitoring [46–49]. CLI allowed rapid trans-
lation from pre-clinical into clinical practice, as it uses registered clinical radiophar-
maceuticals. Thereby allowing dual-modality molecular imaging, with preoperative 
PET scans for localization of the lesion, and for example intraoperative information 
with CLI to guide surgical resection [43]. In 2018, a first clinical trial with CLI was 
conducted in breast conserving surgery, where CLI was used with 18F-FDG to assess 
the resection margin intraoperatively. This study showed that the application of CLI 
technology was feasible and it provided promising first results [50]. 

Image-guided margin assessment during prostatectomy

Despite technical advances in surgery, irradical resection of PCa still occurs fre-
quently as it is difficult to distinguish between malignant and benign tissue intra-
operatively only with palpation and visual inspection. PSMs are associated with a 
higher risk on recurrences and subsequent adjuvant therapy, impacting the quality 
of life of the patient. At the same time, diagnostic imaging of PCa has progressed 
dramatically over the last five years, with the introduction of specific tumour target-
ing tracers. It is hypothesized that combining these tracers with novel imaging sys-
tem, such as CLI, might assist the surgeon with a radical excision and thus reduce 
PSM rate. In this thesis, the application of PSMA-directed CLI is introduced to shine 
a new light on prostate cancer surgery. 
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Outline of this thesis
The general aim of the research in this thesis is to investigate the feasibility of 
68Ga-PSMA-11 as intraoperative margin assessment technology in prostate cancer 
surgery. This research includes both the pre-clinical in vitro performance evaluation 
of the technique, as well as a clinical feasibility trial. In addition, repeatability of the 
68Ga-PSMA-11 PET/CT in both static and dynamic PET acquisitions was investigated 
to determine uptake patterns and usability of preoperative 68Ga-PSMA-11 PET/CT 
in the CLI workflow.

Part I of this thesis focusses on the application of and requirements for intraop-
erative margin assessment techniques in prostate cancer surgery. Chapter 2 is a 
systematic review of the different options for intraoperative margin assessment in 
the operating room. The technical background of different methods is provided, 
the application in prostate cancer surgery, and the advantages and drawbacks for 
clinical implementation. Prior to investigating the feasibility of intraoperative margin 
assessment using CLI, the performance of 68Ga-PSMA-11 for CLI needs to be eval-
uated. So far, CLI is only used with 18F-FDG, thus a comparison of the performance 
with 68Ga-PSMA-11 was executed in Chapter 3. This chapter further outlines the 
requirements for ex vivo usage of 68Ga-PSMA-11 in humans, based on in vitro results. 

Part II of this thesis introduces the use of 68Ga-PSMA-11 PET/CT in primary PCa for 
CLI optimization. In current clinical practise, patients undergo a diagnostic PSMA 
PET/CT scan and prostatectomy is scheduled approximately 4 to 6 weeks later. 
Since patients are included for 68Ga-PSMA-11 CLI based on their preoperative PSMA 
PET/CT scan, similar uptake at the time of surgery needs to be ensured. Therefore, 
repeatability of 68Ga-PSMA-11 uptake was investigated in a 4-week interval, which is 
described in Chapter 4. Next, in 68Ga-PSMA-11 PET/CT scans the optimal time be-
tween injection and imaging is based on the contrast of tumour uptake and activity 
distribution in the rest of the body. It is unknown whether the same time point is 
required for CLI imaging, as with CLI only the contrast between benign and tumour 
tissue in the prostate is relevant for ex vivo imaging. Chapter 5 describes dynamic 
68Ga-PSMA-11 PET/CT scans in test-retest setting to evaluate the repeatability of 
early uptake in the prostate. 

Part III explores the use of 68Ga-PSMA-11 CLI, as an intraoperative margin assess-
ment technology. Intraoperative detection of PSM might aid a radical excision, thus 
improving the patients’ outcome. To investigate the feasibility of the technique, the 
results of the first five patients included in the CLI study are discussed in Chap-
ter 6. This interim analysis showed that CLI is feasible and safe for intraopera-
tive application. Important clinical knowledge was acquired necessary to optimize 
the acquisition protocol and workflow. The study was continued and the results of 
CLI accuracy compared to histopathology are reported in Chapter 7. Furthermore, 
this chapter describes and characterizes a newly identified bioluminescence signal, 
which might influence the interpretation of the CLI images. 
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This thesis ends with a discussion and the future perspectives in Chapter 8, fol-
lowed by summaries in English and Dutch in Chapter 9.
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Abstract
Introduction

The main challenge in radical prostatectomy is complete excision of malignant tis-
sue, while preserving continence and erectile function. Positive surgical margins 
(PSM) occur in up to 38% of cases, are associated with tumour recurrences, and 
may result in debilitating additional therapies. Despite surgical developments for 
prostate cancer (PCa), no technology is yet implemented to assess surgical margins 
of the entire prostatic surface intraoperatively. The aim of this systematic review 
is to provide an overview of novel imaging methods developed for intraoperative 
margin assessment in PCa surgery which are compared to standard postoperative 
histopathology. 

Methods

A literature search of the last 10 years was conducted in the Scopus, PubMed and 
Embase (Ovid) databases. Eligible articles had to report the PSM rate according 
to their intraoperative margin assessment technology in comparison to standard 
histopathology. 

Results

The search resulted in 616 original articles, of which 11 articles were included for 
full-text review. The main technical developments in PCa margin assessment includ-
ed Optical Coherence Tomography, Photodynamic Diagnosis with 5-Aminolevulinic 
Acid, Spectroscopy, and Enhanced Microscopy. These techniques are described and 
their main advantages, limitations, and applications in the clinical setting are dis-
cussed. 

Conclusion

Several imaging methods are suggested in literature for detection of PSM during 
PCa surgery. Despite promising qualifications of the mentioned technologies, many 
struggle to find implementation in the clinic. Surgical conditions hampering the sig-
nal, long imaging times and comparison with histopathology are mutual challenges. 
The next step towards reduction of PSM in PCa surgery includes evaluation of these 
technologies in large clinical trials. 
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Introduction
The main objective of radical prostatectomy (RP) is to ensure complete tumour resec-
tion while minimizing nerve, bladder and membranous urethra damage. Successful 
prostate carcinoma (PCa) surgery is established by both securing good therapeutic 
outcome and preserving sexual function and continence, the so-called trifecta [1]. 
However, incomplete tumour resections or positive surgical margins (PSM), defined 
as tumour on ink in histopathology, are observed in up to 38% of cases [2–4]. The 
risk on a PSM is higher with a higher T-category and biopsy Gleason score (GS). A 
PSM correlates with a shorter time to progression and increased rate of biochem-
ical recurrence (BCR). Subsequently, complementary therapies such as androgen 
deprivation therapy or radiotherapy might be necessary for these males [5–7]. The 
presence of a PSM is associated with high preoperative PSA levels and high GS, 
pathological T-category and the surgeon’s experience. These parameters only pre-
dict the chance of a PSM preoperatively, however the surgeon is not guided during 
the surgery to reduce the number of PSM observed post-surgery. The PSM rate is 
reduced when experienced surgeons perform RP, however, it is still present in up to 
17% of the cases [8]. 

In current practise, the intraoperative frozen section (IFS) technique is available 
for margin assessment of suspected areas. After resection, the specimen is imme-
diately frozen and stained, and areas of interest are evaluated for the presence of 
cancer cells. However, being a time-consuming procedure with low sensitivity (42%), 
the clinical use of IFS is controversial [9,10]. Recently, an approach with improved 
sensitivity called Neurovascular Structure-Adjacent Frozen-section Examination 
(NeuroSAFE) was introduced to enable assessment of neurovascular structures ad-
jacent to the prostate [11,12]. NeuroSAFE enables nerve sparing surgery in a larger 
number of patients with 93.5% sensitivity and 98.8% specificity compared to stan-
dard histopathology. The study of Schlomm et al. showed that patients with Neuro-
SAFE-evaluation had less post-surgical histopathological confirmed PSM compared 
to patients without NeuroSAFE (15.2% vs. 21.7%), however no difference in BCR 
percentage was found [11]. A disadvantage of this technique is the requirement for 
standby qualified pathological personnel and the absence of the entire prostate 
circumference assessment. Although the examination time has a duration of at least 
35 minutes, there is no prolonged surgical time in case of lymph node dissection 
following prostate removal [13]. 
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There are several conditions to which imaging technologies should adhere in order 
to be used for intraoperative assessment in clinical practice. Ideally, margins are 
evaluated in vivo which obliges incorporation in minimally invasive surgery tools. 
Other requirements for margin assessment tools include fast, preferably real-time, 
examination times (order of minutes) without complicated sample preparation to 
minimize surgical delay. Next, the entire surface of the prostate specimen (3-5 cm 
diameter) should be assessed to evaluate the total margin status and distance of 
tumour cells to the nerves. Furthermore, a high detection efficiency, sensitivity for 
micro metastases and a tumour to non-tumour distinction is mandatory without suf-
fering from changes in tissue due to surgical intervention (i.e. coagulation) [5,14,15]. 
Finally, the technology should be user friendly, safe for both personnel and patients, 
and the specimen should be left sufficiently intact to perform standard diagnostic 
histopathological examination. 

The aim of this systematic review is to identify new technologies for intraoperative 
tumour margin assessment for PCa, and subsequently, to evaluate the performance 
of these technologies compared to standard postoperative histopathology in de-

tecting PSM status. 
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Methods
Evidence acquisition

This review was registered on PROSPERO under registration number CRD42019124616 
[16]. The literature search was performed by an information specialist (PAB) in Sco-
pus, PubMed and Embase (Ovid) databases, according to the Preferred Reporting 
Items for Systematic Review and Meta-analysis (PRISMA) statement [17]. Differ-
ent associations of the following keywords were applied in abstract and or title: 
prostate cancer; prostatectomy; margin; intraoperative; technology; imaging. Stud-
ies published between 2008 and 2019 were included. If imaging modalities were 
not implemented within 10 years, we presume that technologies were not suitable 
enough to be implemented in the clinic. 

Letters, commentaries, editorials, case reports, reviews and conference abstracts 
were excluded, even as non-English manuscripts. Initially, titles and abstracts were 
screened by two reviewers independently (JoH, DMVH) to select publications for 
full-text review. Disagreement was resolved in consensus or with help of an inde-
pendent reviewer (BJdWvdV). 

Selection of full-text publications

Articles identified based on the search strategy were assessed for relevance and 
scientific quality. The technologies should compare their findings with standard his-
topathology. The articles have to focus on surgical margin assessment in PCa with 
an aim for actual intraoperative application. Studies were excluded if the technol-
ogy was not applied in a surgical setting, for example only referred to preoperative 
margin prediction. Articles should at least include (1) basic description of the intra-
operative technology, (2) quantitative or qualitative description of the margin, and 
(3) comparison of margin status to histopathological examination. Additional publi-
cations could be added to this review based on cross-referencing. Two independent 
reviewers screened full texts for selection (JoH, DMVH). 

Risk of bias assessment 

The included publications were assessed for Risk of Bias (RoB) by 3 reviewers (JoH, 
DMVH, BJdWvdV) independently, using criteria of the Quality Assessment of Diag-
nostic Accuracy Studies (QUADAS-2) tool [18]. As proposed by the QUADAS guide-
lines, four items were scored on having a low, high, or unclear RoB. Patient selection, 
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index test (i.e., new technology), and reference standard (i.e., histopathology) were 
also assessed in terms of applicability. Initial disagreement between reviewers was 
resolved by discussion and consensus.
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Results
General findings

An overview of the selection procedure is visualized in Figure 1. In total 616 records 
were reviewed, in which 35 full text analysis were performed and a total of 11 ar-
ticles fulfilled all selection criteria. In the following four consecutive sections are 
described: Optical Coherence Tomography (OCT) (n=1), Photodynamic Diagnosis 
(PDD) with 5-Aminolevulinic Acid (ALA) (n=6), Spectroscopy (n=2), and Enhanced 
Microscopy (n=2). 

Table 1 shows the results of the Risk of Bias analysis performed with the QUADAS-2 
tool of diagnostic studies. No study scored a low RoB on all seven items, whereas 
four publications had lower than five items with low RoB and applicability concerns. 
All studies had an unclear RoB considering reference standard, since either the ref-

Figure 1. Selection workflow query, according to the PRISMA 2009 Flow Diagram [17]. PSM = Positive 
surgical margin, PCa = Prostate carcinoma
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erence standard was performed with knowledge of the index test or no reference to 
the histopathological protocol was present. The RoB of the index test was unclear 
in some studies, due to an incomplete description of interpretation of the index test 
results. All included technologies were evaluated if requirements were met accord-
ing to the previously stated criteria. Technical characteristics of all technologies are 
summarized in Table 2 and an overview of advantages and limitations is provided 
in Table 3. 

Optical Coherence Tomography 

OCT emits coherent light through tissue and the reflected light is used to recon-
struct a cross-section of the imaged tissue. Light reflections are accordingly recon-
structed in a 2D representation of the tissue architecture, a so-called tomogram 
[19]. OCT enables real-time evaluation of the entire prostatic circumference, but 
requires careful rinsing of the specimen to remove blood clots and non-prostatic 
tissue and manual rotation of the specimen. The analysis can be performed within 5 
minutes with a commercially available CE-marked portable machine. OCT is able to 
assess extra prostatic extension and seminal vesicle invasion, in addition to margin 
evaluations [19]. Using OCT, Dangle et al. observed 21 out of 100 evaluated speci-

Study

Risk of bias Applicability concerns
Patient 

selection
Index test Reference 

standard
Flow and 
timing

Patient 
selection

Index test Reference 
standard

Dangle [19] 

Ganzer [20]

Adam [21]

Inoue [22]

Fukuhara [23]

Fukuhara [24]

Zaak [25]

Lay [26]

Morgan [27]

Lopez [28]

Wang [29]

Table 1. Risk of Bias assessment of the included studies obtained with the QUADAS-2 tool [18]. White = 

low risk, grey= unclear risk, black = high risk. 
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mens with PSM and comparison with standard histopathology showed seven true 
positive and 14 false positive measurements (sensitivity 70%, specificity 84%) [19]. 

Photodynamic Diagnosis with 5-Aminolevulinic Acid 

5-ALA is a natural amino acid which is converted to photoactive protoporphyrin IX 
(PpIX) within the cell. 5-ALA shows higher accumulation in tumorous tissue com-
pared to healthy tissue and is orally administered three to four hours prior to sur-
gery for adequate uptake [20–22]. PpIX emits red fluorescence light after excitation 
with blue light, which can be detected using a commercially available laparoscopic 
compatible photodynamic camera. 5-ALA was evaluated in different small sample 
size studies (6-52 patients) and compared to histopathology [20–25]. These stud-
ies showed sensitivities ranging from 75%-82% and specificities between 68%-88%. 
The light source can be switched from white to blue light during surgery to excite 
PpIX, thereby not delaying the operating time [23]. Next, the 5-ALA PDD camera 
has the same view as the robotic camera, enabling real-time cancer location visual-
ization in vivo. 

Light Reflectance Spectroscopy

Spectroscopy visualizes the interaction between matter and electromagnetic radi-
ation. Healthy and tumorous tissue are characterized by different tissue properties, 
regarding nuclear sizes and cell density [26], enabling tissue discrimination. Light 
reflectance spectroscopy (LRS) measures the intensity and spectrum of reflected or 
back scattered light. Using LRS, 17 specimens were analysed in the study of Morgan 
et al. and PSM were observed with 86% sensitivity and 85% specificity [27]. Lay et 
al. performed LRS measurements on 50 specimens, of which 197 areas were anal-
ysed. LRS was able to detect PSM in tumours with GS≥7 with 91% sensitivity and 
93% specificity, in contrast to 65% and 88% in specimens with GS 6, respectively 
[26]. 

Confocal laser endomicroscopy 

Confocal laser endomicroscopy (CLE) is an endoscopic imaging tool based on stan-
dard confocal microscopy. The light beam penetrates at a specific depth at a certain 
time, from the multiple 2D images obtained, a 3D reconstruction of the specimen 
can be created. In the study of Lopez et al. a 488 nm laser was used for prostate 
imaging, in concurrence with a FDA approved fluorophore (sodium fluorescein) in-
travenously injected 20 minutes before CLE. Sensitivity and specificity were not 
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mentioned in the study, and no PSM was found [28].

Structured Illumination Microscopy

Structured Illumination Microscopy (SIM) is an optical sectioning technique using 
a wide field illumination. In the study by Wang et al. a video-rate SIM (VR-SIM) is 
used to record images of the entire circumference in 24 patients. Each tissue frame 
is stitched together, to get a circumferential image of the entire prostate specimen. 
VR-SIM was able to detect a PSM in three of the four histologically confirmed cases, 
which had a size of >1mm. In one case, VR-SIM detected a PSM which was not con-
firmed by histopathology and one PSM was missed by VR-SIM [29]. Sensitivity and 
specificity were not specified in the article, however calculation using the published 
data resulted in 75% sensitivity and 94% specificity.

Chapter 2 | Intraoperative technologies for prostate margin assessment  Chapter 2 | Intraoperative technologies for prostate margin assessment 



35

Te
ch

no
lo

gy
 a

nd
 

au
th

or
Sa

fe
 t

o 
us

e
N

o.
 

Pa
ti

en
ts

In
 v

iv
o/

ex
 v

iv
o

T-
ca

te
go

ry

(%
 o

f 
pa

ti
en

ts
)

PS
M

 
(%

)
D

is
ti

ng
ui

sh
es

 s
ig

na
l 

ba
se

d 
on

N
VB

 
as

se
ss

m
en

t
M

in
. 

in
va

si
ve

FO
V

O
C

T
D

an
gl

e

[1
9]

So
m

e 
he

at
 g

en
-

er
at

io
n

10
0

ex
 v

iv
o

T2
 8

5%

T3
 1

5%

10
%

M
ic

ro
st

ru
ct

ur
e

Ye
s

Fu
tu

re
2.

7 
m

m

5-
A

LA
 

PD
D

G
an

ze
r

[2
0]

Si
de

 e
ffe

ct
s,

 
FD

A
 a

pp
ro

ve
d

24
in

 v
iv

o/

ex
 v

iv
o

T2
 3

7.
5%

T3
a 

33
%

T3
b 

25
%

33
%

Fl
uo

re
sc

en
ce

 o
f P

pI
X

Po
ss

ib
le

Ye
s

C
am

er
a 

vi
ew

A
da

m

[2
1]

Si
de

 e
ffe

ct
s,

 
FD

A
 a

pp
ro

ve
d

39
in

 v
iv

o
T2

 4
2%

T3
 5

8%

33
%

Fl
uo

re
sc

en
ce

 o
f P

pI
X

Po
ss

ib
le

Ye
s

C
am

er
a 

vi
ew

In
ou

e

[2
2]

Si
de

 e
ffe

ct
s,

 
FD

A
 a

pp
ro

ve
d

6
in

 v
iv

o
T1

c 
50

%
 T

2a
 1

7%
 T

2b
 

17
%

 T
2c

 1
7%

0%
Fl

uo
re

sc
en

ce
 o

f P
pI

X
Po

ss
ib

le
Ye

s
C

am
er

a 
vi

ew

Fu
ku

ha
ra

 
[2

3]
Si

de
 e

ffe
ct

s,
 

FD
A

 a
pp

ro
ve

d
16

in
 v

iv
o/

ex
 v

iv
o

T1
c 

68
.8

%

T2
a 

25
%

T3
a 

6.
25

%

0%
Fl

uo
re

sc
en

ce
 o

f P
pI

X
Po

ss
ib

le
Ye

s
C

am
er

a 
vi

ew

Fu
ku

ha
ra

[2
4]

Si
de

 e
ffe

ct
s,

 
FD

A
 a

pp
ro

ve
d

52
in

 v
iv

o
T1

c 
65

%

T2
a 

17
%

 T
2b

 1
3%

 T
3a

 4
%

2%
Fl

uo
re

sc
en

ce
 o

f P
pI

X
Po

ss
ib

le
Ye

s
C

am
er

a 
vi

ew

Za
ak

[2
5]

Si
de

 e
ffe

ct
s,

 
FD

A
 a

pp
ro

ve
d

16
in

 v
iv

o
G

S 
2-

4:
10

%

5-
7:

 8
0%

8-
10

: 1
0%

13
%

Fl
uo

re
sc

en
ce

 o
f P

pI
X

Po
ss

ib
le

Ye
s

C
am

er
a 

vi
ew

LR
S

La
y

[2
6]

Ye
s

50
ex

 v
iv

o
G

le
as

on
 ≥

7 
88

%
 T

3 
45

%
58

%
C

el
l d

en
si

ty
 &

 n
uc

le
us

 
si

ze
s

N
ot

 y
et

Fu
tu

re
1 

m
m

M
or

ga
n

[2
7]

Ye
s

17
ex

 v
iv

o
In

te
rm

ed
ia

te
 t

o 
hi

gh
 

gr
ad

e 
G

le
as

on
 7

59
%

C
el

l d
en

si
ty

 &
 n

uc
le

us
 

si
ze

s
Fu

tu
re

Fu
tu

re
1 

m
m

C
LE

Lo
pe

z

[2
8]

Ye
s

21
in

 v
iv

o
T2

a,
b,

c

T3
a

N
S

M
ic

ro
sc

op
ic

 c
ha

ng
es

Ye
s

Ye
s

2.
6 

m
m

SI
M

W
an

g

[2
9]

Ye
s

24
ex

 v
iv

o
T2

a 
5%

 T
2c

 5
3%

 T
3a

 3
2%

 
T3

b 
10

%
17

%
M

ic
ro

sc
op

ic
 c

ha
ng

es
Ye

s
N

o
1.3

 µ
m

Ta
bl

e 
2.

 C
ha

ra
ct

er
is

tic
s 

of
 th

e 
in

cl
ud

ed
 a

rt
ic

le
s.

 *
Se

ns
iti

vi
ty

 a
nd

 s
pe

ci
fic

ity
 n

ot
 m

en
tio

ne
d 

in
 a

rt
ic

le
, b

ut
 c

al
cu

la
te

d 
fr

om
 

th
e 

ob
ta

in
ed

 n
um

be
rs

. T
he

 P
SM

 ra
te

 w
as

 b
as

ed
 o

n 
hi

st
op

at
ho

lo
gi

ca
l fi

nd
in

gs
. S

af
e 

to
 u

se
 in

di
ca

te
s 

if 
th

er
e 

w
er

e 
an

y 
is

su
es

 
re

ga
rd

in
g 

th
e 

pa
tie

nt
 o

r p
er

so
nn

el
 s

af
et

y 
th

at
 s

ho
ul

d 
be

 ta
ke

n 
in

to
 c

on
si

de
ra

tio
n.

 

Please rotate the book 
for the optimal experience 

Chapter 2 | Intraoperative technologies for prostate margin assessment  Chapter 2 | Intraoperative technologies for prostate margin assessment 



36

Te
ch

no
lo

gy
 a

nd
 

au
th

or
C

om
m

er
ci

al
 

Av
ai

la
bl

e
Re

so
lu

ti
on

Se
ns

it
iv

it
y

Sp
ec

ifi
ci

ty
Ti

m
e

C
om

pr
om

is
in

g 
co

nd
it

io
ns

D
ep

th
 

pe
ne

tr
at

io
n

O
C

T
D

an
gl

e

[1
9]

Ye
s

10
-2

0 
µm

70
%

84
%

1.5
s 

pe
r i

m
ag

e,
 <

5 
m

in
N

o 
pe

rf
us

io
n 

Bl
oo

d 
cl

ot
s

1-
2 

m
m

5-
A

LA
 

PD
D

G
an

ze
r

[2
0]

Ye
s

N
S

75
%

88
%

Re
al

-t
im

e
H

ea
t 

an
d 

bl
oo

d
N

S

A
da

m

[2
1]

Ye
s

N
S

75
%

88
%

Re
al

-t
im

e
H

ea
t 

an
d 

bl
oo

d
N

S

In
ou

e

[2
2]

Ye
s

N
S

N
S

N
S

Re
al

-t
im

e
H

ea
t 

an
d 

bl
oo

d
N

S

Fu
ku

ha
ra

[2
3]

Ye
s

N
S

82
%

68
%

Re
al

-t
im

e
H

ea
t 

an
d 

bl
oo

d
N

S

Fu
ku

ha
ra

[2
4]

Ye
s

N
S

75
%

87
%

Re
al

-t
im

e
H

ea
t 

an
d 

bl
oo

d
N

S

Za
ak

[2
5]

Ye
s

N
S

50
%

*
10

0%
*

Re
al

-t
im

e
H

ea
t 

an
d 

bl
oo

d
N

S

LR
S

La
y

[2
6]

N
o

N
S

91
%

93
%

Re
al

-t
im

e,
 d

at
a 

pr
oc

es
si

ng
 n

ot
.

Bl
oo

d 
an

d 
in

fla
m

m
a-

tio
n

2 
m

m

M
or

ga
n

[2
7]

N
o

N
S

86
%

85
%

N
S

Pe
rf

us
io

n
2 

m
m

C
LE

Lo
pe

z

[2
8]

Ye
s

1 
μm

N
S

N
S

10
 m

in
Bl

oo
d 

an
d 

de
br

is
.

60
 μ

m

SI
M

W
an

g

[2
9]

N
o

1.3
 µ

m
75

%
*

93
.8

%
*

1 
ho

ur
N

S
C

el
l l

ay
er

FO
V-

 fi
el

d 
of

 v
ie

w
, N

S-
 n

ot
 s

pe
ci

fie
d,

 N
VB

- n
eu

ra
l v

as
cu

la
r b

un
dl

e 
as

se
ss

m
en

t, 
PS

M
- p

os
iti

ve
 s

ur
gi

ca
l m

ar
gi

n.

Chapter 2 | Intraoperative technologies for prostate margin assessment  Chapter 2 | Intraoperative technologies for prostate margin assessment 



37

Ta
bl

e 3
. M

ai
n 

ad
va

nt
ag

es
 a

nd
 li

m
ita

tio
ns

 o
f t

he
 in

cl
ud

ed
 te

ch
no

lo
gi

es
. 

Te
ch

no
lo

gy
A

dv
an

ta
ge

s
Li

m
it

at
io

ns

O
C

T 
[1

9]
	

N
VB

 a
ss

es
sm

en
t

	
Fa

st
 a

cq
ui

si
tio

n
	

Le
ar

ni
ng

 c
ur

ve
 fo

r i
nt

er
pr

et
at

io
n

	
H

am
pe

re
d 

by
 t

he
 p

re
se

nc
e 

of
 b

lo
od

 a
nd

 
no

n-
pr

os
ta

tic
 t

is
su

e
	

Sm
al

l F
oV

5-
A

LA
 P

D
D

 [2
0-

25
]

	
A

pp
lic

ab
le

 in
 v

iv
o 

us
in

g 
a 

lig
ht

 
sw

itc
h

	
Re

al
-t

im
e

	
Le

ar
ni

ng
 c

ur
ve

 fo
r i

nt
er

pr
et

at
io

n
	

C
om

pr
om

is
ed

 b
y 

he
at

	
Pr

ep
ar

at
io

n 
tim

e
	

So
m

e 
si

de
 e

ffe
ct

s

LR
S 

[2
6,

 2
7]

	
U

na
m

bi
gu

ou
s 

re
su

lt
	

Su
rg

ic
al

 c
av

ity
 a

ss
es

sm
en

t
	

M
in

im
iz

es
 im

pa
irm

en
t 

of
 t

he
 s

ig
-

na
l d

ue
 t

o 
ab

so
rp

tio
n 

by
 b

lo
od

	
Re

al
 t

im
e 

da
ta

 a
cq

ui
si

tio
n

	
Sm

al
l F

oV
	

N
o 

re
al

 t
im

e 
da

ta
 p

ro
ce

ss
in

g

C
LE

 [2
8]

	
N

VB
 a

ss
es

sm
en

t
	

In
 v

iv
o 

us
ag

e
	

Fa
st

 a
cq

ui
si

tio
n

	
3D

 re
co

ns
tr

uc
tio

n 
of

 t
he

 s
pe

c-
im

en
	

M
ic

ro
n 

sc
al

e 
re

so
lu

tio
n

	
H

am
pe

re
d 

by
 t

he
 p

re
se

nc
e 

of
 b

lo
od

	
Pr

ep
ar

at
io

n 
tim

e
	

Lo
w

er
 s

ig
na

l i
nt

en
si

ty
 d

ue
 t

o 
re

so
lu

tio
n

SI
M

 [2
9]

	
N

VB
 a

ss
es

sm
en

t 
ci

rc
um

fe
re

nt
ia

l 
im

ag
e 

of
 t

he
 e

nt
ire

 p
ro

st
at

e 
sp

ec
im

en

	
Le

ar
ni

ng
 c

ur
ve

 fo
r i

nt
er

pr
et

at
io

n
	

M
an

ua
l r

ot
at

io
n 

to
 s

ca
n 

th
e 

ci
rc

um
fe

re
nc

e

Fo
V-

 fi
el

d 
of

 v
ie

w
, N

VB
- n

eu
ra

l v
as

cu
la

r b
un

dl
e 

as
se

ss
m

en
t

Chapter 2 | Intraoperative technologies for prostate margin assessment  Chapter 2 | Intraoperative technologies for prostate margin assessment 



38

Discussion
Intraoperative margin assessment contributes to reduction of positive surgical mar-
gins in PCa surgery. This systematic review provides an overview of current possi-
bilities for intraoperative margin assessment, including 5 different technologies. All 
included technologies are based on optical imaging of cellular differences between 
cancerous and normal tissue. Technologies like OCT and LRS seem promising, al-
though still face drawbacks before clinical implementation is possible. So far, none 
of these techniques affect clinical decisions as they are purely used in research 
situations. 

A Risk of Bias assessment of all selected studies was performed with the QUA-
DAS-2 tool. A few points of consideration were extracted from this assessment. 
First observation was the general lack of studies with a methodology to answer our 
research question. Since most studies were still in the feasibility phase, they failed 
to compare their results properly to standard histopathology. Second, several stud-
ies performed their reference test (i.e., histopathology) not blinded for the results of 
the index test (i.e., new technology). This may result in a risk of bias regarding the 
sensitivity and specificity, since it is possible that assessors alter histopathology 
results based on the technology’s suggestions. On the other hand, marking suspi-
cious locations based on the technology results enabled a direct comparison with 
histopathology in that specific location. 

Previous reviews on technologies for surgical margin assessment in other tumour 
types predicted in 2014 an increase in the clinical use of these technologies [30–33]. 
Currently, only NeuroSAFE is embedded for PCa in daily practice in specific institu-
tions, and one could ask why these technologies are not incorporated on a more fre-
quent basis. This might be directly related to the strict histopathological definition 
of PSM in PCa, which is ‘tumour on ink’. Hence, to be as precise as histopathology, 
a technology should assess margins with a depth resolution of one cell layer, which 
is challenging for the described intraoperative imaging technologies. In general, 
the sensitivity and specificity of the included technologies are inferior to the 93.5% 
sensitivity and 98.8% specificity of NeuroSAFE. However, the technologies included 
in this review are evaluated in limited sample sizes (range 6-100 patients) and are 
still under development. Next to that, with the introduction of new techniques a 
learning curve is common and could result in suboptimal detection rates. Still, the 
results were promising with specificities above 84% (except for Fukuhara et al. [23]) 
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and sensitivity ranging from 50-91%.

Real-time tumour visualisation during PCa surgery may improve patient outcome 
and survival by assisting towards a more radical resection, while preserving vital 
normal tissues. The trifecta of surgical outcome are cancer control, sexual function 
and presence of continence. The first two can be evaluated if intraoperative margin 
assessment was combined with nerve sparing surgery, for example using the OCT, 
CLE, and SIM techniques to assess the neural vascular bundle. Furthermore, easy 
incorporation in clinical routine requires a user-friendly technology and an unambig-
uous interpretation of the results. A learning curve was required to distinguish OCT 
signals between tumour and normal tissue due to variations in prostate anatomy. 
This applies for 5-ALA as well, where training is required for the subjective inter-
pretation of 5-ALA PDD [20,21]. In contrast, since spectroscopy technologies are 
based on computer-based algorithms, the conclusion will not primarily depend on 
user interpretation [26,27]. 

Most included studies, except for the 5-ALA PDD and CLE studies, are currently 
only performed ex vivo yet all hold potential for in vivo usability. CLE images were 
acquired in vivo, though image analysis and interpretation were performed after-
wards [28]. A general obstacle for in vivo usage is the influence of the surgical 
conditions on image acquisition. For example, the 5-ALA signal is compromised by 
heat [21,23,24]. Thus, the use of diathermy should be avoided is critical areas. To 
overcome this effect, the specimen can be prepared using a cold knife without 
electric devices [23]. Besides that, the signal of multiple technologies (5-ALA, OCT, 
CLE) is hampered by the presence of blood. Hence, careful rinsing of the pros-
tate is required, complicating actual in vivo usage. However, research into different 
wavelengths which do not overlap with the heme-peak may overcome this problem. 
This could be performed for example using a specific wavelength range for LRS 
(700-850nm), which minimizes impairment of the signal due to absorption by blood 
[26,27]. Finally, OCT images can be altered by non-prostatic tissue through tissue 
interference and long periods without perfusion [19].

A shared disadvantage of all described techniques includes long assessment times, 
either due to long-lasting data processing or long acquisition times to assess the 
entire prostate with a small field of view (FoV). Spectroscopy, OCT, and microscopic 
techniques all have a FoV less than 5mm, therefore scanning the prostate circum-
ference can take up to one hour. Full assessment of the prostate using a technology 
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should be within 35 minutes to compete with intraoperative time constraints and 
to improve upon NeuroSAFE [11-13]. With future technical developments, the afore-
mentioned technologies should be able to reduce assessment times. Preparation 
time needs to be considered when using fluorescent dyes with 5-ALA and CLE, as 
imaging should be performed 3-4 hours and within 20 minutes after administration, 
respectively [20–22,28]. Additionally, some side effects of 5-ALA have been report-
ed [21], resulting in several contraindications for the oral use and restriction from 
sunlight after surgery to avoid skin reactions [20,23,24]. 

If a PSM is detected ex vivo by an optical technology, one of the problems is to 
map the PSM back to the surgical cavity to resect additional tissue. This mapping 
can be difficult, due to changes in the surgical field, thus a limiting factor for ex vivo 
imaging. Ideally, the technology would assess margins within the surgical cavity, for 
example using LRS which has the ability to measure the surgical cavity besides the 
excised specimen [26,27]. Based on all previous mentioned advantages and draw-
backs, currently no technique is optimal for intraoperative PSM detection in PCa. 
Therefore, the search for alternative technologies persists and is likely to end-up in 
the use of fluorescent or radioactive markers to enhance signal intensities. 

Alternative and future technologies

This review focused on the clinical applicability of intraoperative margin assess-
ment and several innovative technologies are developed for optical guidance during 
PCa surgery. Another strategy to decrease positive margins are surgical experience, 
preoperative selection, preoperative models and radio-guided surgery [34-36]. In-
vestigations in the latter area are already ongoing, as well in combination with 
augmented and virtual reality [37,38]. Promising other techniques which are still in 
a pre-clinical development stage include fluorescence coupled to tumour targeted 
probes, like the prostate specific membrane antigen (PSMA). Tumour-targeting li-
gands to NIR fluorophores are already studied in (pre)-clinical trials in other cancer 
types. PSMA is often overexpressed by PCa cells and the ligand can be bound to 
an infrared fluorescent dye or Cy5 dye. This dye has absorption and emission wave-
lengths in the NIR range and in the far red range, enabling fluorescence imaging us-
ing a fluorophore [39–41]. PSMA can also be coupled to gallium-68 (68Ga), enabling 
Cerenkov Luminescence Imaging during surgery using positron emitting properties 
of 68Ga. This technique has shown promising results in a pre-clinical setting [41]. 
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In conclusion, several technologies are suggested to overcome the problem of 
post-surgery PSM in PCa. Despite promising specifications of the technologies 
mentioned, many struggle to find implementation in the clinic. Surgical conditions 
hampering the signal, long acquisition times and accurate comparison with histopa-
thology are mutual challenges. Furthermore, large clinical trials are needed to inves-
tigate the added value of each technology in terms of improved patient outcome 
and cost-effectiveness, before incorporating margin assessment into clinical prac-
tice. Finally, improvements of the techniques are required to enhance embedding of 
intraoperative assessment of surgical margins. 
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Abstract
Introduction

Cerenkov luminescence imaging (CLI) is an emerging technology for intraoperative 
margin assessment. Previous research only evaluated radionuclide fluorine-18 (18F), 
however, for future applications in prostate cancer gallium-68 (68Ga) seems more 
suitable, given its higher positron energy. Theoretical calculations predict that 68Ga 
should offer a higher signal to noise ratio than 18F; this is the first experimental con-
firmation. The aim of this study is to investigate the technical performance of CLI 
by comparing 68Ga to 18F. 

Methods

The linearity of the system, detection limit, spatial resolution, and uniformity were 
determined with the LightPath imaging system. All experiments were conducted 
with clinically relevant activity levels in vitro, using dedicated phantoms. 

Results

For both radionuclides, a linear relationship between the activity concentration and 
detected light yield was observed (R2 =0.99). 68Ga showed approximately 22 times 
more detectable Cerenkov signal compared to 18F. The detectable activity concen-
tration after a 120s exposure time and 2×2 binning of 18F was 23.7 kBq/mL and 1.2 
kBq/mL for 68Ga. The spatial resolution was 1.31 mm for 18F and 1.40 mm for 68Ga. 
The coefficient of variation of the uniformity phantom was 0.07 for the central field 
of view. 

Conclusion

68Ga was superior over 18F in terms of light yield and minimal detection limit. Howev-
er, as could be expected the resolution was 0.1 mm less for 68Ga. Given the clinical 
constraints of an acquisition time less than 120s and a spatial resolution <2 mm, CLI 
for intraoperative margin assessment using 68Ga could be feasible. 
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Introduction 
In cancer surgery, the intraoperative distinction between malignant and healthy 
tissue is difficult. Incomplete surgical resection heavily impacts patient outcome 
because of the higher chance of additional therapy and worse prognosis [1-3]. A 
positive surgical margin (PSM), defined as tumour cells on the inked tissue margin 
on postoperative histopathology, increases the risk of disease recurrence. In radical 
prostatectomy it has been described that 11-38% of patients have a PSM [4-7]. 

An emerging optical technology in this respect is Cerenkov luminescence imaging 
(CLI) that visualizes the presence of β-emitting radionuclides by the detection of 
Cerenkov photons [8-11]. These photons originate when a β-particle travels faster 
than light in a specific dielectric medium [11-13]. The combination of nuclear and 
optical imaging has great potential for margin assessment as specific radiotracers 
are developed to target cancerous tissue and the Cerenkov radiation has a su-
perficial penetration depth in tissue. Additionally, CLI has the advantage of using 
clinically approved imaging agents, which facilitates fast clinical translation of the 
technology. Academic researchers worldwide have already demonstrated the (pre) 
clinical feasibility of CLI for intraoperative specimen analysis [8,14-16]. The first clin-
ical trial for margin assessment with CLI, performed in breast cancer surgery with 
fluorine-18-Fluorodeoxyglucose (18F-FDG), has shown promising initial results [16]. 

To date, (pre-)clinical research in CLI has been mostly restricted to the metabolic 
radiotracer 18F-FDG [11]. However, 18F-FDG is not suitable as diagnostic imaging tool 
for prostate cancer, since prostate cancer is considered hypometabolic, and hence, 
accumulates only limited amounts of FDG [17,18]. Therefore, the more specific pos-
itron emitting radiotracer [68Ga]Ga-Prostate-Specific Membrane Antigen (68Ga-PS-
MA-11) was introduced several years ago. PSMA is a transmembrane protein with 
significantly elevated expression on prostate cancer cells in comparison with benign 
prostatic tissue [19,20]. Furthermore, the isotope 68Ga may be advantageous re-
garding Cerenkov light yield compared to 18F because of its higher initial positron 
energy. This results in more Cerenkov radiation from the positron, due to the energy 
content itself and the fact that more positrons will reach the Cerenkov threshold. 
This signal boost can be of importance, due to the generally low signal-to-noise 
ratio (SNR) of CLI [12]. The higher signal could reduce the injected activity and the 
acquisition time while reducing the imaging noise. According to Monte-Carlo sim-
ulations, 68Ga can have theoretically a 26 times higher signal yield compared to 18F 
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[21]. Nonetheless, it is known that these simulations may not comply with physical 
experiments [12,21,22]. Ciarrocchi et al. suggested as well, after in vitro studies 
concerning the performance of CLI using 18F, to evaluate the impact of different 
PET radiotracers [23]. Thus, the aim of this research was to evaluate the technical 
performance of CLI using 68Ga, and to relate these outcomes to 18F. Based on these 
study outcomes a CLI protocol that will fit clinical needs for margin assessment 
using 68Ga-PSMA-11 during prostate cancer surgery will be proposed.
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Methods
Experimental design and requirements

The present study was designed to evaluate the performance of CLI comprising two 
relevant considerations; experiments should be conducted with clinically relevant 
activity levels and imaging protocols. Next to that, experiments were optimized 
with the following practical requirements: fast acquisition time, radiation safety, 
high sensitivity for small lesions and good tumour to non-tumour distinction. Radio-
isotopes used in this study were 2-Deoxy-2-(18F) Fluoroglucose (IBA Molecular) and 
68Ga coupled to Glu-urea-Lys (Ahx)-HBED-CC (Scintomics GmbH). The measured 
activity levels for 68Ga-PSMA-11 in prostate cancer were leading for all experiments, 
and 18F activity levels were adapted accordingly. 

Tumour uptake on PET scans

The 68Ga-PSMA-11 concentration of 30 primary prostate cancer tumours and benign 
prostate tissue was measured on a Positron Emission Tomography/Computed To-
mography (PET/CT) scan in order to conduct the in vitro experiments with clinically 
relevant radioactivity concentrations. Patients had undergone a PET/CT scan on a 
Philips Gemini TF system (Philips, Best, The Netherlands), ~45 minutes after an intra-
venous injection of ~100 MBq 68Ga-PSMA-11. Acquisitions were performed from mid-
thigh to skull base starting with 3 minutes per bed position in the pelvic area and 
2 minutes per bed over the remaining body. PET images were reconstructed using 
BLOB-OS-TF without any post-reconstruction filter, including corrections for decay, 
random coincidences, dead time, low dose CT-based attenuation and scatter. The 
average tumour uptake in Becquerel (Bq) per mL was measured using a spherical 
VOI placed around the tumour lesion, with a minimal size of 3.3 cm2 (Osirix MD DI-
COM viewer v.9.2, Pixmeo SARL, Bernex, Switzerland).

Cerenkov Luminescence Imaging system and acquisition settings

The LightPath optical imaging system (Lightpoint Medical Ltd, Chesham, United 
Kingdom) is developed for intraoperative margin assessment using the Cerenkov 
radiation induced by β-emitting radionuclides. This system is equipped with a cam-
era lens (F/0.95, 512×512 pixels) coupled through optics to a -80°C cooled electron 
multiplying charge coupled device (EMCCD, Andor iXon Ultra 897). The EMCCD is 
shielded with a tungsten plate and folded optics are used to reduce the number of 
gamma photons striking the EMCCD sensor. A standard optical camera (F/1.4 lens, 
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1600×1200 pixels) was used to acquire white light reference images. The system 
has a light tight imaging chamber to shield from ambient light. 

In this study, images were initially acquired using the previously published protocol 
for 18F with an exposure time of 300s and 8-pixel binning (E300B8) [16]. To find a 
suitable protocol for clinical application using 68Ga, acquisition settings were varied 
with exposure times of 60, 120, and 300s without or with the use of 2, 4, or 8-pix-
el binning. Acquisition protocols applied for both radionuclides. Unless otherwise 
specified, images were acquired without an optical filter. Data analysis was per-
formed using MATLAB R2017b (The MathWorks, Natick, 2017). 

Linearity and detection limit

Three 2 mL Eppendorf tubes of both radionuclides were filled with 2.5, 12.5 and 
45 kBq/mL diluted in 1 mL water to investigate the linearity of the system, i.e. to 
evaluate the correlation between the signal intensity and activity concentration. 
CLI imaging was performed every 20 minutes during four subsequent hours and im-
ages were processed with the LightPath software, by applying a median filter (3×3 
pixels) and Gaussian filter (3 pixels) to reduce the noise from high energy photons, 
also known as gamma strikes. The latter are 511 keV annihilation photons emitted 
from the radionuclide, visualised as a local high signal spike with a characteristic 
tail. After filtering, CLI images were aligned to the white light reference image. 

The radiance (photons/s/cm2/sr) per activity concentration was used to compare 
the signal of both radionuclides. The average radiance was obtained by manually 
selecting a region of interest (ROI) of 150 pixels around the Cerenkov signal of the 
Eppendorf tubes, and a ROI outside the Eppendorf tubes to determine the aver-
age background signal. A possible linear relationship between radiance and activity 
concentration will be verified by comparing the radiance half-life (Rt1/2) to the decay 
half-life of both radionuclides. The radiance half-life is the time required to reduce 
the radiance to half of its initial value. 

The radiance per activity concentration was used to determine the detection limit. 
The lowest detectable activity concentration was defined as the activity concen-
tration where the SNR is 2, which should be sufficient to distinguish the signal in 
the tumour from the background [24]. The SNR represents difference between the 
mean signal and the mean background, divided by the standard deviation of the 
background. The detection limit was determined for both radionuclides and using 
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multiple acquisition settings. 

All of the described experiments were repeated under ~1 mm raw chicken breast 
fillet, to simulate the influence of tissue on the signal attenuation and minimal de-
tectable activity concentration. Raw chicken breast was stacked on top of three 
Eppendorf tubes containing the same activity concentrations as the ones described 
above. 

Effective spatial resolution

The spatial resolution was determined using glass capillary tubes (outer diameter 
(OD) 1.1 mm) filled with 33 kBq 18F and 68Ga. The effect of tissue on the spatial res-
olution was determined using ~1 mm chicken breast fillet on top of the capillaries. 
The spatial resolution was obtained by averaging intensity profiles perpendicular 
through cross sections of the imaged line source on raw imaging data without fil-
tering. The average full width half maximum (FWHM) was calculated over 40 mm. 
Signal intensities were corrected for the zero background level, which was the level 
of digital counts in the image without radioactivity present. Thereafter, intensities 
were normalised to correct for possible difference in activity and maximum intensity 
of 18F and 68Ga. 

Uniformity 

The uniformity of the field of view (FoV) was determined using a square uniform 
Perspex phantom (60×60 mm) with 4.3 MBq 68Ga diluted in 15 mL water. Three 
subsequent images were acquired using an exposure of 60 seconds without bin-
ning. Uniformity was determined on the unfiltered image and after filtering with a 
median and Gaussian. The median value of three subsequent CLI images were used 
for analysis, to reduce measurement uncertainty and the effect of the high energy 
gamma photons. Uniformity was measured by the mean and standard deviation of 
the signal by using a ROI over the entire useful field of view, UFoV and accordingly 
quantified using the coefficient of variation (CoV). The uniformity of the central field 
of view (CFoV), defined as 0.75×UFoV, was determined as well [25]. 

Signal-to-Background Ratio

A signal-to-background ratio (SBR) experiment was conducted to assess the capa-
bility of CLI to distinguish tumour from background tissue. The mean 68Ga-PSMA-11 
concentrations (kBq/mL) of the tumour and the background, derived from the clin-
ical PET scans, were diluted in an Agar solution (0.4 g agar powder in 20 mL of 
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distilled water). Agar is a mixture of agarose and agaropectin, resulting in a gel like 
substance. From both solidified Agar solutions, a cube (2×2 cm) was excised and 
exchanged with the other Petri dish (see Figure 3), and a SBR of 2:1 was obtained. 
The petri dish was subsequently imaged with different acquisition settings to verify 
the ability to distinguish the signal. An intensity profile was drawn over the cross 
section of the Petri dish, to obtain the digital counts per pixel over this line. 
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Results
Tumour uptake on PET scans

The average 68Ga-PSMA-11 PET/CT uptake in prostate cancer tumours and in benign 
tissue is presented in Table 1, showing a large interpatient variation in tumour up-
take, tumour volume, and tumour-to-background ratio (TBR). To fit the clinical needs, 
the CLI should at least detect an activity concentration of 1.59 kBq/mL. In vitro ex-
periments should be conducted with the clinical uptake range of 1.59-8.54 kBq/mL. 

Table 1. Overview of 68Ga-PSMA-11 tumour uptake on PET/CT. VOI-volume of interest

Linearity and detection limit

For both radionuclides, an excellent linear relationship between the radioactivi-
ty concentration and detected light yield (radiance) was observed (18F: R2=0.98; 
68Ga: R2=0.99) for Exposure 120s and Binning 2 (E120B2), Figure 1. 68Ga resulted 
in approximately 22 times more signal compared to 18F with similar imaging set-
tings. CLI signal linearity within the clinical prostate cancer tumour uptake range on 
68Ga-PSMA-11 PET/CT was for above R2=0.95, whereas 18F decreased to R2=0.74 and 
R2=0.42, without and with tissue surrogate respectively (supplemental Figure 1). The 
linear relationship remained with the addition of tissue surrogate on the Eppendorf 
tubes (18F: R2=0.95; 68Ga: R2=0.99), Figure 1. Although, the signal intensity decreased 
to 73% and 62% of the original 18F and 68Ga signal, respectively. Acquisition with 
Exposure 300s and Binning 8 (E300B8) setting, resulted in a linear relationship of 
18F: R2=0.97/0.95 and 68Ga: R2=0.97/0.93 with and without tissue surrogate, respec-
tively. The radiance half-life of CLI was attained in 115 min for 18F (τ=0.006 min-1; 
R2=0.98) and within 69 min for 68Ga (τ=0.01 min-1; R2=0.99), both approximating the 
radionuclide half-life times of 109 and 68 min, respectively. The detection limit for 
both radionuclides , with and without tissue surrogate can be found in Table 2 (See 
also supplemental Figure 2 for the visual representation of the detection limit).

Volume of 
Interest

(mL)

Mean Tumour 
Uptake

(kBq/mL)

Mean Uptake 
Tumour ×VOI

(kBq)

Tumour to 
Background Ratio

Average 17.4 3.35 80.96 2.7

Standard deviation 11.4 1.53 71.50 1.1

Minimum 3.3 1.59 11.20 1.2

Maximum 53.0 8.45 275.24 5.7

Median 14.3 2.62 51.35 2.5
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Effective spatial resolution

The FWHM at E120B2 and E300B8 was for 18F 1.31 and 1.61 mm, respectively and 
for 68Ga: 1.40 and 1.85 mm, ~1 mm respectively (see Figure 2). The addition of ~1 mm 
tissue surrogate increased the FWHM for both settings 2.40 and 2.85 mm for 18F 
and 2.73 and 3.40 mm for 68Ga, respectively. 

Figure 1. Example of two CLI images of 6 Eppendorf tubes filled with 18F (A) and 68Ga (B), where the 

bottom row is overlaid with 1 mm tissue (A). From left to right the tubes are filled with 1 mL of 45, 12.5 

and 2.5 kBq/mL activity. Effect of tissue on linearity and signal intensity 18F and 68Ga (C). Data acquired 

with an exposure time of 120s and binning 2×2. 68Ga gives a 22 times higher light yield compared to 18F 

on average. The break line was added to the graph, to visualize the effect of tissue on the 18F radiance. 

Without break line, this was not visible, due to the high radiance of 68Ga. Please note, the bright dots 

not relative to the object are noise signal, also known as gamma strikes. 

18F 68Ga
Acquisition 300s & bin 8×8 120s & bin 2×2 300s & bin 8×8 120s & bin 2×2
No tissue 3.42 23.66 0.14 1.18

Tissue 5.04 39.16 0.24 1.78

Table 2. Minimal detectable activity concentration (kBq/mL) for 18F and 68Ga with SNR=2, using different 

acquisition protocols.
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Uniformity

The unfiltered median of three uniformity phantom CLI images showed a CoV of 
0.18 of both the UFoV and CFoV. After Gaussian and median filtering, the uniformity 
of the images improved to a CoV of 0.09 in the UFoV and 0.07 in the CFoV (Sup-
plemental Figure 3).

Figure 2. The FWHM of 18F (blue) and 68Ga (red) for 120s and 2×2 binning (A), 300s and 8×8 binning (B), the 

influence of tissue on spatial resolution is displayed in light blue and light red. Signal intensities were 

normalised, to correct for the difference in activity and intensity of 18F and 68Ga. D shows a white light 

image of the glass capillary tubes with and without tissue. In C the corresponding CLI image of 68Ga 

and in E the CLI images where the capillaries are filled with 18F. The CLI images visualized were used as 

input to determine the FWHM over a line profile. The displayed images were acquired with 120s and 2x2 

binning. Please note, the bright dots not relative to the object are noise signal, also known as gamma 

strikes. 
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Signal-to-Background Ratio

Figure 3 shows the results of the signal-to-background experiment, where binning 
improved the SBR, yet compromised the sharpness of the transition from back-
ground to signal. Analysis of the intensity profiles showed a SBR of 2.1 using the 
E60B4 protocol, which is comparable to the activity concentration ratio of the tu-
mour and background Agar solutions. E60B1 and E120B2 resulted in a SBR of 2.16 
and 1.5, respectively.

Figure 3. A representative image of the signal-to-background ratio experiment setup (A). The result 

of three different exposure times and binning settings (B-D). The graph of intensity profile across the 

previous three Petri dishes (E). Please note, the bright dots not relative to the object are noise signal, 

also known as gamma strikes. 
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Discussion
In this study the optical properties and performance of CLI using 68Ga were com-
pared to those of 18F, under clinically relevant activity levels. The radiance was lin-
early associated with the activity of both radionuclides (18F: R2=0.98; 68Ga: R2=0.99). 
The linear relationship persisted with the addition of roughly 1mm of the tissue 
surrogate. 68Ga showed a 22 times stronger radiance compared to 18F in the current 
study. Glaser et al. simulated the fluence rates with presence of scatter and absorp-
tion, to mimic optical properties of tissue, where a higher fluence rate was observed 
for 68Ga [26]. Fan et al. and Beattie et al. compared fluence rates for 18F and 68Ga 
measured with IVIS cameras, and found radiation rates of 15 and 19 times higher for 
68Ga [22,27]. This signal intensity difference between 18F and 68Ga was slightly lower 
than the 26 times factor the Monte-Carlo simulations found in literature [21]. This 
inconsistency may be explained by certain definitions in Monte-Carlo experiments, 
such as the use of true point sources in MC-simulations, whereas the relatively larg-
er volume of an Eppendorf tube will radiate from multiple angles onto the camera. 
Other effects may include machine differences and non-linear detector efficiencies 
of the different camera systems. Furthermore, in real-life experiments a fraction of 
positrons will escape from the medium before emitting Cerenkov photons [12]. Still, 
our results underline the superiority of 68Ga for Cherenkov imaging with respect to 
signal yield. 

Our results indicate that this specific CLI system was not homogeneous over the 
entire FoV, given the found CoV of 0.18 in the raw image. Visual inspection of the 
CL image shows a weaker signal near the edges of the uniformity phantom. Though 
this observation could be due to a commonly encountered phenomenon in optics 
known as lens vignetting, the results may also have been influenced by the relative-
ly small size of the phantom which matches the 60×60mm FoV exactly. According-
ly, the edges of the phantom are visualised as ‘darker’ due to the lack of positron 
emissions from the material just outside the FoV. To account for this problem a 
uniformity phantom should cover the FoV with an additional margin on all sides that 
is greater than the positron range. The vignetting in the FoV does not hamper the 
clinical assessment, since the size of average prostate is small enough to fit in the 
CFoV [28]. Thus, it is suggested to only use the CFoV to image the specimen. The 
CoV of the processed image, which is part of the clinical CLI protocol, in the CFoV 
was 0.07 without binning. This was considered uniform enough to leave out addi-

Chapter 3 | Performance evaluation of Cerenkov luminescence imaging Chapter 3 | Performance evaluation of Cerenkov luminescence imaging



60

tional post-processing steps to improve the uniformity. The experiment was only 
performed with 68Ga, since uniformity of the system is expected to be independent 
of the radionuclide. However, the larger positron range could alter the texture of the 
image in comparison to a shorter range. 

The resolution response was determined using a glass capillary with an outer diam-
eter of 1.1 mm. Though the camera is able to image up to 158 µm according to the 
specifications, a better resolution is not deemed clinically relevant, as the surgeon is 
not able to resect with a higher accuracy. Still, we underline that difference in resolu-
tion between 18F and 68Ga found in this study is not entirely trivial, especially when the 
tissue surrogate was added. At higher binning (E300B8) this difference with tissue 
was roughly 0.5 mm. If a PSM occurs, surgeons are only able to shave in a specific area 
surrounding the PSM. Though this shaving cannot be performed with a submillimetre 
precision, the localisation of the suspected area should be as precise as possible. 
That being said, a PSM found on ex vivo measurement is difficult to map back in vivo, 
therefore the lower resolution of 68Ga is will not hamper clinical implementation. The 
smaller resolution of 18F found in this study complies with literature [12,22,29], and can 
be explained by the larger positron range of 68Ga compared to 18F [30]. Direct compar-
ison of the spatial resolution is difficult, since other groups used different setups to 
determine the effective spatial resolution [22,23]. Binning is an important factor that 
influences the spatial resolution, since data of different pixels is combined to enhance 
the signal and reduce the effects of noise. Although, a binning of 2 reduces the spatial 
resolution with roughly 10% (1.08 mm to 1.16 mm, for a 60s exposure) the gain in signal 
intensity is fourfold, thus justifying the use of pixel binning in a clinical setting. 

To come to a clinical image acquisition protocol that could be used during prosta-
tectomy various acquisition times and pixel binning setting were evaluated. The 
most optimal setting for clinical ex vivo 68Ga research is considered 120s and 2×2 
binning, thus acquiring a good spatial resolution within an acceptable timeframe 
for intraoperative usage and sufficient sensitivity. This is a shorter exposure time 
and binning factor, as the default setting for 18F (E300B8) [16,23]. Since the light 
yield is higher with 68Ga, the acquisition time and binning factor can be decreased 
without compromising the quality of the image. For clinical implementation time is 
important. For rapid assessment, the operation cannot be delayed for more than 10 
minutes. Uptake in the prostate tumour, from analysis, shows that the uptake is suf-
ficient for CLI imaging with 68Ga-PSMA-11, with the required time for prostatectomy 
and lesion removal. 
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Implications for CLI during prostatectomy

68Ga-PSMA-11 tumour uptake measurements were performed in a heterogeneous 
group of prostate cancer patients. Although large variations are observed in the in-
tensity of PSMA accumulation, we have determined an average and minimal uptake to 
enable clinically relevant measurements. It was stated that CLI should be able to vi-
sualize an average concentration of 3.35 kBq/mL. Based on our in vitro results the de-
tection limit and contrast for 68Ga (with and without tissue) is sufficient to detect this 
average tumour uptake, even with an exposure time as low as 120s. The detectable 
activity concentration with 1mm tissue asks for an injection of 2.6 MBq/kg 68Ga 45 
minutes prior to CLI, assuming a uniform distribution and water density in the body. 
Nevertheless, the tumour has 100 times more receptors as benign tissue [19,20], thus 
injected dose could be lowered for CLI visualisation. Thereby, complying the 68Ga-PS-
MA-11 guidelines for PET imaging [31]. The standard clinical injection of ~100 MBq, 
would be sufficient for intraoperative application with a protocol that fits the clinical 
requirements. When increasing either the binning or the exposure time, potentially an 
even lower radioactive dosage can be used. Still, precise patient dosage will be deter-
mined in our ongoing clinical feasibility study. Prior studies with 18F showed that the 
radiation dose to the surgeon due to the CLI procedure, was 34 µSv per procedure 
and 2-20 µSv per scrub nurse [14,16]. The use of 68Ga-PSMA-11 decreases the injected 
dose, thus improves the radiation safety for both the patient and personnel.

The Cerenkov signal through ~1 mm tissue surrogate reduced to 73% of the original 
signal for 18F, and 62% for 68Ga according to our measurements. However, this ex-
perimental setting does not mimic the exact clinical situation as the chicken breast 
was not perfused and the optical properties do not comply. The signal is influenced 
by scattering and absorption in tissue, the attenuation found in the current study 
(73%), approximates the value found in literature. Theoretical calculations of 1mm 
tissue, resulted in a decrease in signal intensity of 18F of 77% [32]. The same approx-
imation was also made for higher energy nuclides like 68Ga. However, the addition 
of 1 mm surrogate tissue, resulted in more signal decay in our experiments (62%) 
than expected from literature (77%). Difference in this attenuation percentage could 
be explained by the influence of the refractive index (n). Tissue has a higher n re-
sulting in a higher number of Cerenkov photons produced, see Equation 1. The cor-
responding higher mass density results in a higher β attenuation cross section and 
concomitant reduced β-particle range. Increased density therefore tends to reduce 
Cerenkov Radiation production efficiency, but for radionuclides that emit relatively 
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low energy β’s, the increased n dominates resulting in higher light yield for higher 
density materials. For the high energy β’s of 68Ga, however, the impact of n is small 
and the reduction in light yield due to the density effect dominates [22]. Additional-
ly, Glaser et al. showed that a larger refractive index has more impact on the fluence 
rate of 18F, as 68Ga [26]. 

Equation 1. The number of Cerenkov photons N emitted per distance travelled x, which is derived from 
the Frank–Tamm equation (21). β=particle velocity, n=refractive index, λ= wavelength (nm) α=fine struc-
ture constant (α ≈1/137).

Limitations 

The interference of tissue and blood reduces the obtained signal; however, these 
influences were not simulated in the current in vitro set up. Therefore, it is difficult 
to suggest a definite ex vivo acquisition protocol upon solely in vitro measurements. 
Cerenkov light is predominant in the blue range of the spectrum, and attenuates to-
wards the red part of the spectrum [33]. The weight of the spectrum changes with 
the influence of tissue, since the blue part is more strongly absorbed [10] as haemo-
globin absorbs mostly in this part of the spectrum. For margin assessment accuracy 
in the penetration depth is important, although not considered in this study. To 
estimate the penetration depth, it is important to have a phantom with the optical 
properties of the prostate, since it is influenced by scattering and absorption. The 
development of a prostate-like-phantom was outside the scope of this paper. For 
clinical application, the use of numerous filters is recommended, since it enables 
the possibility to only obtain emitted photons generated near the surface of the 
tissue. Filters would be needed to determine the depth of the lesion, as the tissue 
scatters. Scattering is more present in tissue and has a larger influence on light from 
longer distances [34]. The resulting attenuation is considered positive for margin 
assessment using CLI, as it benefits superficial imaging to guide complete tumour 
resection. This manuscript solely focusses on 18F and 68Ga, as 68Ga-PSMA-11 is the 
most suitable tracer for prostate cancer. However, a variety of isotopes can be used 
for Cerenkov imaging multiple purposes in medicine [35,36]. 
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Conclusion
The performance of the CLI system was determined in vitro using both 68Ga and 
18F. The system is linear for both radionuclides at clinically relevant radioactivity 
concentrations, considering uptake in prostate tumours. 68Ga was superior over 18F 
in terms of light yield, detectable activity concentration, with and without the ad-
dition of chicken tissue. However, as could be expected, the spatial resolution was 
lower for 68Ga. Still, in combination with the short acquisition time (120s) and clini-
cally sufficient detection limit (1.8 kBq/mL), it seems feasible to obtain ex vivo CLI 
images for intraoperative margin assessment during prostate cancer surgery using 
68Ga-PSMA-11. Future studies should confirm the feasibility of this system as intra-
operative margin assessor by comparison with histopathology. 
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Supplemental Figure 1. Effect of tissue on linearity and signal intensity 18F and 68Ga within the range of 
68Ga-PSMA-11 uptake of the prostate tumour according to measurement on the PET/CT scans. Data 
was acquired with an exposure time of 120 s and binning 2 × 2. The goodness-of-fit (R2) is displayed at 
every fit. 

Supplemental Figure 2. Graph representing the signal and the noise floor of 18F (top) and 68Ga (bottom), 
with and without overlying tissue. The crossing of the signal with background correction (μs-μb) and 
standard deviation of the background signal (σb) represents the minimal detectable activity concentra-
tion for SNR = 1. CPS = counts per second. 
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Supplemental Figure 3. Three subsequent images of the uniform flood source (A-C) and the image re-
constructed of the median values of the three raw images (D), and the three post-processed images 
(E-G), with the reconstructed median image (H). The use of the median value (H) reduced the influence 
of gamma strikes (yellow stripes at the red arrows) in E-F. The same intensity scaling was used in all 
eight images. 
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Abstract
Introduction

Prostate-specific membrane antigen (PSMA) agents, such as 68Ga-PSMA-11, have 
an unprecedented accuracy in staging prostate cancer (PCa) and detecting disease 
recurrence. PSMA PET/CT may also be used for response monitoring by displaying 
molecular changes, instead of morphological changes alone. However, there is still 
limited data available on the variability in biodistribution and intra-prostatic uptake 
of PSMA targeting radiotracers. Therefore, the aim of this study was to assess the 
repeatability of 68Ga-PSMA-11 uptake in primary prostate cancer (PCa) patients in a 
four-week interval. 

Methods

Twenty-four primary PCa patients were prospectively included, who already were 
scheduled for 68Ga-PSMA-11 PET/CT scan on clinical indication (≥cT3, Gleason score 
≥7 or PSA ≥20 ng/mL). These patients received two 68Ga-PSMA-11 PET/CT scans with 
a four week interval. No treatment was started in between the scans. Semi-quanti-
tative measurements (SULmax, SULmean, and SULpeak) were determined in the prostate 
tumour, normal tissues, and blood pool. The repeatability coefficient of every region 
was determined. All scans were visually analysed by two nuclear medicine physicians. 

Results

Within-subject coefficient of variation of 68Ga-PSMA-11 uptake between the two 
scans was on average 10% in the prostate tumour, normal tissues (liver, kidney, parot-
id), and blood pool. The repeatability coefficient of the prostate tumour was 18% for 
SULpeak and 22% for SULmax. Lesion uptake was visually different in 5 patients, though 
not clinically relevant. 

Conclusion

Results of test-retest 68Ga-PSMA-11 PET/CT scans in a four-week interval show that 
68Ga-PSMA-11 uptake is repeatable, with a clinical irrelevant variation in tumour and 

physiological distribution. Based on the presented repeatable uptake, 68Ga-PSMA-11 
PET/CT scans can potentially be used for disease surveillance and therapy response 
monitoring. Changes in uptake larger than the RC are therefore likely to reflect actual 
biological changes in PSMA expression.
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Introduction
Prostate cancer (PCa) is the second most common cancer amongst men in the world, 
as recorded in 2018 [1]. Molecular imaging of this malignancy either in primary or 
metastatic setting is presently dominated by the ligands directed to the prostate 
specific membrane antigen (PSMA). This is a membrane-bound enzyme which is 
overexpressed in PCa cells compared to benign prostatic tissue by approximately 
100- to 1000-fold [2,3]. Gallium-68-labelled PSMA compounds, such as 68Ga-PS-
MA-11, is therefore considered a highly tumour specific radiotracer for PCa. Since 
PSMA agents, have an unprecedented accuracy in recurrent PCa, it has been rapidly 
adopted in the clinic over the last years [4,5]. In staging of primary PCa Hofman et 
al. recently published a prospective study, showing the higher diagnostic accuracy 
of 68Ga-PSMA-11 PET/CT in men with high-risk primary prostate cancer, as compared 
to conventional imaging (CT and bone scan) [6]. Which is as well supported with 
retrospective studies [7–9].

In many solid tumours, active surveillance and response monitoring with fluorine-18 
fluorodeoxyglucose (18F-FDG) PET/CT is quite common, and adopted in various 
guidelines [10]. Variations in 18F-FDG-accumulation can provide valuable informa-
tion on the activity and efficacy of new cancer therapeutics. The positron emission 
tomography response criteria in solid tumours (PERCIST) or European organization 
for research and treatment of cancer (EORTC-) criteria are often used to quantify 
the response on therapy using 18F-FDG PET/CT. These criteria classify the disease 
status as ‘responder’, ‘progressed’, or ‘stable’ based on changes in the semi-quanti-
tative standard uptake values (SUV), corrected for lean body mass (SUL) [10]. How-
ever, 18F-FDG PET/CT is usually not suitable in PCa, as most tumours show limited 
FDG-accumulation, especially in hormone-sensitive setting.

Monitoring the response after therapy with 68Ga-PSMA-11 PET/CT may be helpful in 
PCa, yet this approach is not validated yet [11]. As with FDG-accumulation, the ex-
tent and intensity of the PSMA-uptake can be compared between scans to quantify 
response, and when deemed necessary adjust therapy. However, not many papers 
are published about response monitoring or active surveillance using 68Ga-PSMA-11 
PET/CT [12]. One study by Gupta et al. compared the functional criteria PERCIST 
V1.0 and EORTC in 68Ga-PSMA-11 PET/CT with the morphological criteria according 
to RECIST V1.1 in patients with metastatic PCa and biochemical progression [13]. 
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According to this study, molecular imaging criteria performed best in detecting pro-
gression based on changes of 25% SUVmean (EORTC) or 30% SULpeak (PERCIST) after 
hormone treatment [13]. However, the study does not describe if the biological 
variation in 68Ga-PSMA-11 uptake is comparable to that of 18F-FDG, and if the same 
cut-off values apply. While only changes that exceed the normal variability should 
be interpreted as treatment response or disease progression. Although two addi-
tional studies assessed this test-retest repeatability in metastatic prostate cancer 
using 68Ga-PSMA-11 [14] and 18F-DCFPyL [15], no studies in the primary setting are 
performed to this day, as far as we are aware of. Therefore, the aim of this study 
was to assess the day-to-day variability of 68Ga-PSMA-11 uptake and visual interpre-
tation in patients with primary prostate cancer. 
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Methods
Patients

This prospective clinical study was performed at the Netherlands Cancer Institute 
(Amsterdam, the Netherlands). The study protocol was approved by the local med-
ical ethics committee (NL8263 at trialregister.nl) and all patients provided written 
informed consent. Men (18 year) with biopsy-proven PCa and a clinical indication to 
perform a 68Ga-PSMA-11 PET/CT scan (e.g. either ≥cT3, Gleason score ≥7 or PSA ≥20 
ng/mL) were eligible. Patients were excluded if no elevated 68Ga-PSMA-11 uptake 
was visible in the primary prostate tumour on the first scan, or when treatment was 
started in between the two scans. 

Study protocol 

The first 68Ga-PSMA-11 PET/CT scan was performed on clinical indication based on 
the aforementioned criteria. Both PET/CT scans were performed according to the 
same local clinical protocol, consisting of adequate oral hydration before an intra-
venous bolus injection of 100±10 MBq 68Ga-Glu-urea-Lys-(Ahx)-HBED-CC (68Ga-PS-
MA-11), which was radiolabelled in-house using a fully automated system (Scintom-
ics GmbH, Fürstenfeldbruck, Germany). After an incubation time of 45±5minutes, 
acquisitions were performed on a Vereos digital PET/CT system (Philips, Best, the 
Netherlands). Acquisition time was 3 minutes per bed position (min/bp) for the pel-
vic area and 2 min/bp towards base of skull. In the last phase of the study, clinical 
protocol changed to an administered activity of 150±15 MBq 68Ga-PSMA-11 with 
acquisitions of 4.5 min/bp around the pelvis to improve image quality. CTs were 
acquired for attenuation correction and anatomical correlation. In general, no furo-
semide was given to the patients. The second scan was scheduled roughly 4 weeks 
later, for which deviations in administered activity within ±10% and in time between 
injection and acquisition of within ±5 min are aimed for. 

Image reconstruction and analysis

Data was reconstructed at 3 iterations, 8 subsets with Gaussian blurring (3mm) 
and voxel size of 2×2×2mm (matrix size 512×512). Semi-quantitative measures were 
determined using either Osirix MD (Pixmeo SARL, Switzerland) or 3D Slicer (www.
slicer.org). Spherical volumes-of-interest (VOI) were drawn to determine average 
uptake in the primary tumour (ø1.7cm), normal tissues (i.e., right parotid gland ø2.5 
cm, liver ø5 cm, right kidney ø3.5 cm, 4th lumbar vertebra bone marrow ø2.5 cm) 
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and blood pool activity in the abdominal aorta and ascending aorta (ø1.7 cm). Min-
imal VOI diameter of 1.7 cm was chosen to reduce partial volume effect. If present, 
68Ga-PSMA-11 positive metastatic bone lesions or lymph nodes were included in the 
analysis. The blood pool was used as reference value [12,16]. The standard uptake 
value corrected for lean body mass (SUL) was used for quantitative analyses [17,18].

In the primary tumour, SULpeak was defined as the 1 cm3 with the highest activity 
concentration in the VOI. If multifocal lesions in the prostate were present, the 
SULpeak of the hottest lesion was shown. The tumour‐to‐blood ratios (TBR) were also 
determined, as they were found to best describe the tumour tracer uptake [19]. The 
relative difference between scan 1 and 2 was calculated for all indices. 

Visual assessment

Visual analysis was performed by two nuclear medicine physicians (MLD and MPMS) 
with experience in reading 68Ga-PSMA-11 PET/CT scans to assess any visual differ-
ences between the acquisitions. Both physicians were blinded to clinical parame-
ters, possible other imaging and to which scan was made first and second. If visual 
differences were noted, the location of these differences was recorded, and scored 
as deviation in either bio-distribution or lesion uptake. Any disagreement between 
the physicians was settled in consensus. 

Statistical analysis

All statistical analyses were performed using SPSS 25 (IBM, Armonk, USA). The dif-
ference between tracer uptake time and injected activities of the two scans was 
assessed using paired T-tests. Repeatability was evaluated using different metrics, 
difference (d), relative difference (D), repeatability coefficient (RC), and within-sub-
ject coefficient of variation (wCV) [20,21]. The wCV is the variance of the repeated 
measurements of individual subjects. The RC denotes the absolute difference be-
tween repeated measurements, which lies within the 95% confidence interval. The 
smaller these value the better the repeatability.
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Results
Patients and PET imaging

A total of twenty-four patients were included in this study. Two patients were ex-
cluded, as no elevated PSMA expression was observed in the prostate on the first 
scan. Patient demographics are shown in Table 1. The average injected activity was 
not statistically different between the two scans (99.8 MBq [range 81-113] and 103.8 
MBq [range 96-110]; p = 0.06, for n=20), as was the interval between radiotracer 
injection and scan (45.1 min [range 38-57] and 46.1 min [range 41-64]; p = 0.42, for 
n=22). The average time difference between administration and acquisition for the 
two scans was 4 min (0-19 min) and 7% (0-22%) difference in injected activity. Four 
patients violated the 10% difference in injected dose (22% & 28%) or 5 minute devi-
ation (9 & 19 min) in tracer incubation time between the two scans. In two patients, 
the new protocol was applied, with an injected activity at scan 1 of 136.7 and 146.9 
MBq and at scan 2 130.8 and 139.6 MBq, respectively. 

Number (%) or mean (range)

Age (years) 71 (53-81)

Gleason score 6 1 (5%)

3+4=7 2 (9%)

4+3=7 9 (41%)

8 5 (23%)

9+10 5 (23%)

iPSA (ng/mL) <10 11(50%)

10-20 8 (36%)

>20 2 (9%)

T cT1 9 (41%)

cT2 7(32%)

cT3 6 (27%)

N N0 21(95%)

N1 1 (5%)

M M0 21(95%)

M1 1(5%)

Prostate volume (cc) on MRI 48.0 (22-88)

Table 1. Demographics of the patients included in this study. Data is shown as absolute value (percentage) or as 
mean (range). iPSA- initial Prostate Specific Antigen
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68Ga-PSMA-11 uptake in normal tissue and blood pool

The average SULmax and SULmean, the (relative) differences, wCV and RC of every 
organ are displayed in Table 2. In the blood pool, a relative mean difference in SUL 
of 1% (range -29.2 to +24.5%) in 68Ga-PSMA-11 uptake was observed. The SUL dif-
ference between the bladder (RC: 122%) and kidney (RC: 24%) are larger than in the 
rest of the organs. With a RC of 18%, the smallest difference was observed in the 
liver. The effects on RC due to protocol violation (n=4 patients) and change in ac-
quisition protocol (n=2 patients) are displayed in Supplemental Figure 1 & 2. In one 
patient the parotid gland was not included in the analysis, as quantification was not 
accurate due to head movement.
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Values are displayed as mean ±standard deviation (min, max). Average SUL of each site was calculated 
as mean over all subjects and all scans. Difference SUL and the relative difference is calculated as the 
group average of the difference. 

Organ Metric Average

SUL

Difference in 
SUL scan 2 - 1

Relative 
difference (%)

wCV

(%)

RC

(SUL)

RC

(%)

Parotid Gland SULmax 15.1±3.3

(10.1, 23.1)

0.5±1.2

(-1.4, 2.6)

4.1±9.0

(-9, 21)

11.3 2.3 17.0

SULmean 9.6±1.9

(5.8,13.7)

0.2±1.2

(-1.9, 2.3)

3.9±11.9

(-15, 26)

8.4 2.3 23.4

Aortic arch SULmax 1.8±0.3

(1.0, 2.5)

0.0±0.3

(-0.6, 0.8)

-0.2±18.6

(-31, 38)

13.2 0.6 36.5

SULmean 0.9±0.1

(0.5, 1.2)

0.0±0.1

(-0.3, 0.1)

0.2±12.2

(-29, 25)

9.6 0.2 26.6

Liver SULmax 7.2±1.5

(5.0, 9.6)

-0.5±1.3

(-5.5, 1.3)

-7.1±15.8

(-63, 21)

6.5 1.4 31.1

SULmean 3.7±0.8

(2.3, 5.5)

0.3±0.4

(-1.1, 0.6)

-3.4±9.2

(-25, 13)

11.2 0.8 17.9

Kidney SULmax 42.5±6.9

(27.1, 56.7)

0.3±4.5

(-6.4, 9.4)

1.0±11.3

(-17, 29)

8.6 8.5 22.2

SULmean 19.5±3.8

(11.6, 28.1)

-0.5±2.4

(-5.2, 3.4)

-2.4±15.0

(-25, 13)

8.0 4.7 23.9

A. Abdominalis SULmax 1.9±0.4

(1.2, 2.8)

0.0±0.4

(-0.6, 0.8)

2.6±18.2

(-28, 44)

12.9 0.7 35.6

SULmean 0.9±0.2

(0.4, 1.1)

0.0±0.1

(-0.2, 0.3)

1.8±14.3

(-29, 35)

10.7 0.3 29.7

Bone SULmax 1.5±0.4

(0.9, 2.5)

0.1±0.4

(-0.7, 0.8)

3.1±25.2

(-48, 45)

17.8 0.8 49.4

SULmean 0.5±0.2

(0.3, 0.9)

0.0±0.1

(-0.2, 0.1)

-6.0±14.0

(-33, 17)

10.0 0.2 27.7

Bladder SULmax 12.5±8.9

(3.3, 43.7)

-1.6±8.9

(-40.2, 12.4)

2.0±58.1

(-112, 113)

41.1 17.2 113.8

SULmean 7.7±5.2

(1.9, 32.2)

-0.3±6.4

(-7.7, 22.6)

9.2±62.6

(-108, 128)

43.9 12.3 121.8

Prostate 
tumour

SULmax 10.7±7.3

(3.1, 32.3)

-0.2±1.1

(-2.2, 2.5)

-0.5±11.2

(-18, 21)

7.9 2.2 21.9

SULpeak 6.2±3.5

(2.6, 13.3)

0.0±0.6

(-1.2, 1.4)

1.2±9.2

(-15, 19)

6.5 1.1 18.1

TBR SULmax 5.9±4.2

(1.7, 17.8)

-0.2±1.2

(-3.3, 1.9)

-1.0±19.7 

(-43, 42)

13.8 2.4 38.4

SULpeak 5.4±1.3

(2.1, 12.5)

0.2±0.6

(-1.0, 2.4)

5.7±17.1

(-19.5, 27.6)

9.9 1.6 27.5

Table 2. SULmax, SULmean, SULpeak for normal tissue and the prostate tumour (mean ±range). Next the absolute differ-
ence, the relative difference between scan 1 and scan 2. The within subjects coefficient of variation (wCV) in %, the 
coefficient of repeatability (RC), both in % as in absolute SUL values.
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Figure 1. Example of a large difference between SULpeak between scan 1 (A,C,E) and scan 2 (B,D,F), the 
difference in SULpeak between both scans is 1.4
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Figure 2. Example of a small difference between SULpeak between scan 1 (A,C,E) and scan 2 (B,D,F), the 
difference in SULpeak between both scans is 0.4
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68Ga-PSMA-11 uptake in primary tumour

On average, the relative mean difference in SULpeak of the prostate tumour between 
the two scans was 1.2% (range -14.5 to +18.6%). The RC of SULmax, and SULpeak was 2.1 
(21.9%) and 1.1 (18.1%), respectively. In general the SULmax is somewhat higher due to 
the larger impact of image noise, compared to SULpeak. Figure 3 shows the absolute 
differences between the two scans for both metrics against the average value of 
the two (i.e., Bland-Altman plot). Figure 1 and 2 show two examples of 68Ga-PSMA-11 
PET/CTs with relative small and large variation in the SULpeak of the primary tumour 
between the two scans. Note that though there are quantitative differences, the 
distribution pattern within the prostate is comparable in both examples. TBRs had 
a repeatability coefficient of 38.4% of SULmax, with an average difference of -1% 
(range -43 to +41.5%). The effects on RC due to protocol violation (n=4 patients) and 
change in acquisition protocol (n=2 patients) are displayed in Supplemental Figure 
1 & 2. 

Figure 3 shows the Bland Altman plots of the primary tumour, normal tissue and 
the blood pool. These plots show no clear association, in other words, that the 
repeatability is equally robust across a wide SUL range in normal tissue and in the 
prostate. 
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Visual assessment

Visually there was no difference between the two scans in 17 of the 22 cases with 
respect to the detectability and extent of the lesions. In three patients, visual dif-
ferences between the two scans were noted with regard to the primary prostate 
lesion. In two other In these particular cased, the visual differences did not have 
any impact on the clinical staging and subsequent treatment plan. With regard to 
the biodistribution, no visual differences in radiotracer accumulation were observed 
except for differences in bladder and urinary tract activity in six patients. 

Figure 3. Bland-Altman plots of the absolute difference in SULmax, peak of the prostate tu-
mour, and SULmean of the parotid, liver, bladder, kidney, blood pool (abdominal aorta and 
ascending aorta), and bone. Horizontal lines represent the mean differences and the 95% 
confidence intervals of limits
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Discussion
To our knowledge, repeatability of 68Ga-PSMA-11 PET/CT scans in the primary PCa 
setting has not been investigated before. This information is essential to perform 
response monitoring based on PSMA PET/CT. Therefore, the aim of this study was 
to assess the repeatability of 68Ga-PSMA-11 PET/CT scan in primary PCa patients in 
a four-week interval. 

The repeatability coefficient of SULpeak in the prostate tumour was 18.1%, suggesting 
that below this value, the absolute difference between two scans in one patient 
(under the same circumstances) should fall within 95% probability. If the relative 
difference in SULpeak is larger than ±18%, then the difference is more likely to be 
explained by true changes then by measurement errors. The absolute RC in the 
prostate tumour is probably less useful than the percentage, as there is a broad 
range in uptake between patients. The SULmean of normal tissue has a RC of 23.8% on 
average. In general, the RC of the SULmax is higher than the RC of SULmean, since SUL-

max is more susceptible to noise. The RC of the SULmean of the blood pool was 26%. 
However, due to the very low radiotracer activity in the bone and blood pool, small 
absolute differences in SULmean can already lead to a large percentage difference. 
Thus, in these organs it is more informative to look at the repeatability coefficient of 
the absolute difference, which is 0.2 for the blood pool and 0.2 for bone. 

The visual differences between the two scans were not considered clinically rele-
vant by the expert readers, and were predominantly related to a variable urinary 
excretion or variances in noise levels. Particularly, in three patients the activity in 
the prostate was noisy, therefore the primary tumour was difficult to distinguish 
from the background, probably explaining the initial inter-observer differences in 
visual assessment. Next, in one of the patients, the visual appearance of a lymph 
node was different, which might have been caused by a larger (22%) deviation in 
the injected dose between the two scan points in that particular case. Still, in this 
patient the tumour and other organs were not visually different. 

The current study had quite a similar set up as previous studies described in liter-
ature, but there are some relevant differences [14,15]. Previous studies looked at 
metastatic patients or 18F-DCFPyL instead of 68Ga-PSMA-11. Given the similar bio 
distribution, findings for 68Ga-PSMA-11 may probably be generalized to 18F-DCFPyL 
[22]. Noteworthy is that 18F-PSMA-1007 has a distinctly different bio distribution 
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than the latter radiotracers [23]. Also, most other studies quantified uptake with 
body-weight corrected SUV instead of SUL, yet the RC of SULmax and SUVmax within 
the same patient in a test-retest setting is comparable. The RC of SULmax of the 
prostate lesion in our study was 21.9%. Pollard et al. reported 30.3% and Jansen et 
al. 31.0% SUVmax [14,15]. The wCV of the prostate tumour in our study is 7.9% for SUL-

max, compared to 10.9% for SUVmax reported in the study by Pollard et al. [14]. These 
studies investigated patients with metastatic lesions as opposed to the patients 
with primary prostate cancer in our study. Metastatic lesions have a larger variation 
in PSMA receptor expression and general expansion of disease between patients 
than primary PCa tumours, thus possibly resulting in a higher RC than ours [24]. 
When comparing our TBR findings to Jansen et al. [15], the RC is within the same 
range (38.4% vs 37.3%). The RC of the SUL is smaller than the RC of the TBR (21.9% 
vs 38.4% SULmax vs TBRmax), probably because TBR adds the SUL variation both the 
blood pool and the tumour. This was found by Jansen et al. as well [15]. In prior 
studies a shorter window of not more than 7 days for repeatability was used. Due 
to the fact that prostate cancer is generally an indolent cancer, a four-week interval 
was considered reliable, as shown in present study.

In general, the SULmax values of normal tissues found in literature for PSMA PET/CT 
scans are comparable to ours [16,25–27]. The differences between the two scans 
are largest in the ureter and bladder, which can be explained by variations in urine 
volume and radiotracer activity in the bladder. Though patients were not allowed to 
receive furosemide according to study protocol study, two patients had a protocol 
violation and received furosemide before one acquisition, resulting in a clear differ-
ence in bladder radiotracer activity (i.e., 2.1 vs 9.6 SULmean). The differences between 
two scans is lowest in the liver, concordant to the findings of Li et al. [28]. The 
uptake variation of the parotid is on average repeatable (23.4%), although there is 
a large range, and comparable to the results of Pollard et al. (26.5%) [14]. However, 
comparing the SULmean to 18F-DCFPyL found by Li et al., the parotid and kidney SUL-

mean were lower than our findings, still the SULmean of the liver was equal [28]. 

The repeatability of 68Ga-PSMA-11 uptake in prostatic lesions is not entirely compa-
rable to previous findings of 18F-FDG uptake in malignancies [21]. However, 18F-FDG 
scans do require a more concise preparation and patients’ adherence to the proto-
col [29]. In the day-to-day clinical setting, patients are likely to have variation in for 
instance blood glucose levels or physical activity, thus directly resulting in a less 
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reproducible 18F-FDG uptake. The advantage of 68Ga-PSMA-11 PET/CT is that signal 
intensity depends primarily on the number of PSMA-expressing cells and expression 
density per cell [30]. In contrast to 18F-FDG, which accumulates to some extent in 
most tissues in the body, PSMA-ligands tent to accumulate only in specific tissues. 
Sahakyan et al. found that variability in the liver and kidneys can be caused by 
intrapatient factors (i.e., time of day, recent meals, hydration status), and that inter-
patient factors (i.e., weight, height, body composition, medical comorbidities) can 
influence uptake in the salivary glands [31]. Nonetheless, these influences were de-
scribed in patients who underwent therapy, so it is difficult to distinguish between 
therapeutic effects and day-to-day physiological variations. 

All these characteristics aid in repeatable quantitative 68Ga-PSMA-11 uptake in PCa 
lesions, and so it should allow for stable follow-up monitoring of the disease. A 
change in PSMA uptake in the tumour more than 18% as mentioned before, may 
indicate either disease progression or treatment response. In a preclinical setting, 
PSMA expression is already used for response monitoring in Taxane-based chemo-
therapy [32]. Note that careful image interpretation is needed when describing an 
in- or decrease of PSMA uptake [33]. Androgen deprivation therapy can influence 
the PSMA expression, where up or downregulation is not unambiguously affected 
by type and duration of medication [34–36]. If PSMA PET/CT is used for response 
monitoring of radionuclide therapy, the tumour sink effect cannot be neglected [37]. 

Limitations

Our study has some limitations that need some further elaborations. First, there 
was an alteration in the clinical imaging protocol while performing this study. The 
prescribed activity of 68Ga-PSMA-11 was increased from 100 MBq (n=20) to 150 
MBq (n=2) in order to improve the image quality of PET/CT images in our institute. 
Though the effects on the SULmean and SULpeak RC-values are limited (Supplemental 
Figure 1), the effect is somewhat larger in SULmax measurements, as these are more 
susceptible to noise. Other aspects of the protocol like tracer uptake time, use of 
furosemide and reconstruction settings were not altered. Although, stringent pro-
tocol adherence was aimed for, four patients violated the ±10% variation in admin-
istered dose and ±5 min variation in uptake time. As this was not an exclusion cri-
terion and might also occur in clinical practice as well, we decided to include these 
patients. This however did result in an increased repeatability compared to the use 
of a clean dataset without these violations (Supplemental Figure 2). Still, if centres 
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want to perform response assessment with PSMA-PET/CT, it remains important to 
adhere to the protocol. 

For image processing, VOIs were used instead of segmenting the entire organs to 
provide SULmean values. Still, Li et al. found that there was no significant difference 
in SULmean of an entire segmented liver and a VOI with a 3 cm in diameter [27]. In 
addition, images were not registered to each other before segmentation, the VOIs 
were drawn by one person based on visual concordance of the location in the two 
PET/CTs. We notice that registration is not commonly used in clinical practice, as it 
might induce registration errors, and that the chosen segmentation approach mim-
ics our clinical routine for response monitoring.

Next, we did not report on SULmean repeatability of the prostate tumour, as thresh-
old-based segmentations using for instance 45% of SULmax proved not an appropri-
ate method, especially for tumours with low SULmax. In these patients, almost the 
entire prostate was segmented with this threshold, thus not representing the actual 
prostate tumour. To our knowledge, no standardized methods are yet published to 
accurately define the prostate lesion volume based on PSMA PET/CT. Since SULmax 
is more sensitive to image noise, we chose to obtain the SULpeak for prostate lesions. 
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Conclusion
68Ga-PSMA-11 PET/CT scans are repeatable in primary prostate cancer patients, 
with a repeatability coefficient of 18% SULpeak in the primary prostate lesions within 
a 4-week time period. Variations found in the current study for normal tissues (liv-
er, parotid) were comparable to those previously found in the metastatic setting. 
Based on these results, 68Ga-PSMA-11 PET/CT scans may be used for accurate sur-
veillance and therapy response monitoring. Still, repeatability and distribution is 
different from 18F-FDG-PET/CT, indicating that EORTC- or PERCIST-criteria for solid 
tumours may not be suitable in 68Ga-PSMA-11.
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Supplemental Figure 1. Influence of the new protocol (150 MBq & 4.5 min/bp) on the RCmean and RCmax, 
as compared to the old protocol (without protocol violations). Note that the value of the prostate is 
displayed as SULpeak instead of SULmean. 
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Supplemental Figure 2. The influence of the protocol violations (>10% difference in administered dose 
and >5 min difference in tracer uptake time) on the RCmean and RCmax were investigated by comparing 
the RC of the old and new protocol combined to the RC of the old+new protocol with the protocol 
violations included. Note that the value of the prostate is displayed as SULpeak instead of SULmean. Note 
that the large difference in the SULmax of the liver is caused by 1 patient, which difference between the 
scans is very large due to a noisy scan, the RC without this outlier is 18%, more close to the RC without 
protocol violation (RC 16%) .
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Abstract
Introduction

Dynamic PET/CT allows visualization of pharmacokinetics over the time, in contrast 
to static whole body PET/CT. The objective of this study was to assess 68Ga-PSMA-11 
uptake in pathological lesions and benign tissue, within 30 minutes after injection in 
primary prostate cancer (PCa) patients in test-retest setting. 

Methods

Five patients, with biopsy proven PCa, were scanned dynamically in list mode for 30 
minutes on a digital PET/CT scanner directly after an intravenous bolus injection of 
100 MBq 68Ga-PSMA-11. Approximately 45 minutes after injection a static whole body 
scan was acquired, followed by an one bed position scan of the pelvic region. The 
scans were repeated approximately four weeks later, without any intervention in be-
tween. Semi-quantitative assessment was performed using regions-of-interest in the 
prostate tumour, bladder, gluteal muscle and iliac artery. Time-activity curves were 
extracted from the counts in these regions and the intra-patient variability between 
both scans was assessed. 

Results

The uptake of the iliac artery and gluteal muscle reached a plateau after 5 and 3 min-
utes, respectively. The population fell apart in two groups with respect to tumour up-
take: in some patients the tumour uptake reached a plateau after 5 minutes, whereas 
in other patients the uptake kept increasing, which correlated with larger tumour vol-
umes on PET/CT scan. Median intra-patient variation between both scans was 12.2% 
for artery, 9.7% for tumour, 32.7% for the bladder and 14.1% for the gluteal muscle. 

Conclusion

Dynamic 68Ga-PSMA-11 PET/CT scans, with a time interval of four weeks, are repro-
ducible with a 10% variation in uptake in the primary prostate tumour. An uptake 
plateau was reached for the iliac artery and gluteal muscle within 5 minutes post-in-
jection. A larger tumour volume seems to be related to continued tumour uptake. 
This information might be relevant for both response monitoring and PSMA-based 
radionuclide therapies.
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Introduction
PET/CT imaging is increasingly used for targeted diagnostic imaging in prostate 
cancer (PCa), since radiopharmaceuticals labelled to the prostate-specific mem-
brane antigen (PSMA) were introduced 5 years ago [1–6]. The first studies with PS-
MA-labelled radiotracers from the group of Haberkorn and Eder mainly focused on 
its’ clinical applicability in recurrent PCa. These studies suggested that a 60 minutes 
tracer uptake is optimal for good visual tumour-to-background contrast in 68Ga-PS-
MA-11 PET/CT imaging [7–9]. The current EANM/SNMMI procedure guideline for PS-
MA-PET/CT also adapted this uptake time (acceptable range 50-100 minutes), with 
the remark that late imaging up to 3-4 hours after injection may increase sensitivity 
for lesion detection. Though uptake-times longer than 100 minutes have reduced 
count rate (especially relevant for 68Ga), late imaging may help better identify le-
sions close to ureters or in patients with low PSMA-expression or PSA levels [9,10].

Nowadays, PSMA-PET/CT not only plays an eminent role in localizing recurrent PCa 
[11], but also in the diagnosis and staging of primary PCa, especially for high risk 
patients [12]. Intense bladder accumulation present 45-60 minutes post-injection 
is known to hamper the visual assessment of the primary tumour, especially on the 
basal side of the prostate [13,14]. Furosemide can be administered after PSMA-li-
gand injection to increase renal clearance, and hence, reduce tracer accumulation 
in the urinary system. Early time-point imaging of the pelvic area on the other hand 
may also reduce the effects of urine accumulation. Multiple studies have reported 
on dynamic or multi time-point 68Ga-PSMA-11 imaging in primary and recurrent PCa, 
to evaluate the effectiveness in primary PCa (see supplemental Table 1 for details) 
[9,10,15–20]. In this setting, ‘true’ dynamic PET/CT (dPET/CT) refers to visualization 
of a limited field of view (FoV) with high temporal sampling (typical <5 minutes), 
while multi time-point imaging revers to static acquisitions of a larger FoV with a 
lower temporal sampling (typical >5 minutes). Both imaging approaches provide 
temporal data which may also hold valuable biological information for lesion char-
acterization. 

Yet, limited intra-prostatic imaging data is currently available regarding the distri-
bution phase of 68Ga-PSMA-11 (e.g., the first 30 minutes post-injection). The repeat-
ability of visual aspects and quantitative measures describing both the temporal 
uptake profile and spatial intra-prostatic distribution pattern are currently unknown, 
but is relevant when applying early time-point PET for visualization of the basal 
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prostate. Additionally, this information is needed for our research regarding intra-
operative 68Ga-PSMA-11 Cerenkov imaging, where early dynamics might gain insight 
in the timing of intraoperative injection (NL8256). Next, if considered repeatable, 
preoperative PET imaging can be used as guidance for intraoperative injection [21]. 
So, the objective of this study was to assess intra-prostatic 68Ga-PSMA-11 uptake 
during the first 30 minutes after injection in patients with primary PCa in test-retest 
setting. 
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Methods
Study population

This prospective observational cohort study was approved by the Antoni van Leeu-
wenhoek medical ethics committee (NL8263) and all patients signed written in-
formed consent. No sample size calculation was performed, as the study has only a 
explorative and descriptive nature, additionally this dynamic imaging sub study was 
part of a larger clinical trial. Patients were selected at the multidisciplinary team 
meeting between December 2018 and February 2019 in the Netherlands Cancer 
Institute – Antoni van Leeuwenhoek. Eligible patients were aged 18 years or older, 
had histologically confirmed PCa (biopsy proven) and fulfilled one of the three local 
criteria for the 68Ga-PSMA-11 PET/CT scan (≥cT3, Gleason score ≥4+3=7, or PSA ≥20 
ng/mL). Six patients were recruited by nurse practitioners or the researcher (JoH) 
and the study took place in the Netherlands Cancer Institute – Antoni van Leeu-
wenhoek. Patients were excluded if no 68Ga-PSMA-11 expression was visible on the 
first PET-scan or when treatment was started in between the two scans. 

PET/CT image acquisition 

Both dynamic and static 68Ga-PSMA-11 PET/CT scans were acquired twice on a 
digital PET/CT system (Vereos, Philips, Best, the Netherlands) with a four-week in-
terval. The 68Ga-Glu-urea-Lys(Ahx)-HBED-CC (68Ga-PSMA-11) (Scintomics, Fürsten-
feldbruck, Germany) was produced as described previously [22]. 

Patients were not required to fast prior to the scans, and in contrast to EANM 
guidelines, no furosemide was administered prior to dynamic imaging so not to 
induce the urge to void during the scan. A dPET/CT scan was acquired in list mode 
30 seconds before an intravenous bolus injection (10 mL) of 100 MBq of 68Ga-PS-
MA-11 according to local clinical protocol, until 30 minutes post-injection (p.i.). The 
acquisition was performed from one bed position (16.4 cm) with the prostate in the 
central FoV. A low-dose CT-scan (with 120 kV, 30 mAs with dose modulation, spiral 
acquisition, reconstruction in 2 mm slices, and scan range from proximal femora to 
iliac crest) was made before tracer injection for attenuation correction and anatom-
ic localization [15]. Dynamic data was binned into 30 frames of 1 minute for quanti-
tative evaluation and into 6 frames of 5 minutes for visual assessment. OSEM image 
reconstruction was performed with isotropic voxel size of 4 mm at 3 iterations and 
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15 subsets without filters or PSF correction, while applying all usual corrections such 
as for decay, scatter, attenuation, randoms and dead-time. 

Subsequently, a static whole body PET/CT scan was performed according to local 
clinical protocol 45 minutes p.i. and reconstructed with voxel size of 4 mm (3 iter-
ations, 15 subsets). CT settings were equal to the dynamic settings, but the scan 
range was from proximal femora to skull base. Subsequently, an additional acquisi-
tion of one bed position around the prostate was acquired (~70 minutes p.i.). The 
second PET/CT acquisition session was scheduled four weeks later according to the 
same protocol with an allowed deviation of <10% in administered activity. 

Image analysis

Semi-quantitative evaluation of the dPET data was performed with MATLAB R2017b 
(The MathWorks, Natick, US, 2017). Regions of interest (ROIs) were manually drawn in 
the prostate tumour, bladder, gluteal muscle and common iliac artery, and should have 
a diameter of at least 15 mm (1.8 cm3) to reduce partial volume effects. The prostate 
tumour was manually segmented, based on the location and lesion size as displayed 
on the T2-weighted MRI scan. The arterial ROI (diameter ~10 mm) was placed in the 
first frame over 5 consecutive slices and propagated to the subsequent frames. The 
ROIs for the tumour and gluteal muscle were placed in the last time frame and back 
propagated to prior frames. Time-activity curves (TACs) were generated for the entire 
dynamic time range. An image derived input function from the common iliac artery 
was used to describe the distribution of 68Ga-PSMA-11 in the blood pool, as described 
in [23]. For the second dPET/CT, all ROIs were redefined and not copied from the 
previous scan. The volume of the prostate lesion was assessed on the static 68Ga-PS-
MA-11 PET/CT scan, using 3D slicer v4.10.0 (slicer.org) to segment the tumour using 
the PET segmentation extension. This is based on the optimal surface segmentation 
approach [24], and the segmentation could be manually refined, again also keeping in 
mind the location and size of the lesion on MRI. 

Tracer uptake was defined as either lean body mass (LBM) corrected standardized 
uptake value (SULmean) or tumour-to-blood ratio (TBR). The intra-patient variation 
was expressed as percentage change and the inter-patient variation is expressed 
as the Coefficient of Variation (CoV). An uptake ‘plateau’ was defined as the time 
where the slope of the uptake is close to zero with a maximum of 0.2. The start of 
bladder filling was defined as the time where the uptake in the bladder is twice the 
uptake of the gluteal muscle (background). 
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Results
Six patients were enrolled in this prospective observational cohort study. One pa-
tient was excluded for analysis, since this patient had a PSMA-negative tumour. The 
median time between two scans was 24 days (range 22-28 days). The median net 
injected activity was 105.9 MBq (range 80.7-108.4 MBq) for the first and 102.5 MBq 
(range 96.23-106.46 MBq) for the second scan. Further demographics are shown in 
Table 1. 

iPSA – Prostate specific antigen, RALP – Robotic assisted Laparoscopic Prostatectomy, exRT – external 
radiotherapy. Note that patient 2 has a large (L) and a small (S) lesion

Repeatability of 68Ga-PSMA-11 accumulation 

A typical example of 68Ga-PSMA-11 accumulation over time in the pelvic region is 
presented in Figure 1. Evaluation of the dynamic data shows tumour accumula-
tion already within the first 5 minutes in all patients, while mean±SD bladder filling 
was seen at 9±5 minutes p.i. (see TACs in Figure 2). The arterial blood input curve 
demonstrates a steep inflow phase with highest SULmean in the first minute (SULmean 
4.3 [range: 3.6-5.4]), whereas after 5±1 minutes a plateau was reached in all pa-
tients (SULmean 1.2 [0.8-1.8]). In all patients, the uptake plateau in the gluteal muscle 

Patient 1 2 3 4 5
Age (years) 70 73 67 73 76

Gleason score biopsy 5+4=9 3+4=7 4+3=7 4+3=7 4+3=7

Gleason score post RALP 5+4=9 4+4=8 x 3+4=7 4+3=7

iPSA (ng/mL) 6.5 8.2 60 6.9 16.4

TNM cT2N0M0 cT3bN0M0 cT3aN1M0 cT1cN0M0 cT1cN0M0

Prostate volume on MRI (cc) 70 69 50 54 46

Lesion size on MRI (mm) 17×8 34×44×28 (L)

11×11 (S)

41×15×41 9×5×5 Whole pros-
tate

Dosage scan 1 / scan 2 (MBq) 106.5/83.2 108.4/105.4 98.8/80.7 105.1/96.2 105.3/102.5

Lesion size on PET (cc) 4 31 (L)

2 (S)

48 2 30

Tumor-blood ratio on PET 2.0 9.1 10.8 3.09 6.3

Therapy RALP RALP exRT RALP RALP

PSMA accumulation (stable or 
rising)

Stable Rising Rising Stable Rising

ADC value on MRI (mm2/s)

b-value (0-200-800)

1076 793 (L)

886 (S)

720 826 1121

Table 1. Demographics of the 5 patients included in this study. Data is shown as absolute number (percentage) or 
as mean (interval). 
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was reached after 3±1 min. Continuing accumulation in the prostate tumour was 
observed in two patients for the full duration (30 minutes) of the scan, while in two 
patients tumour accumulation plateaued after 5±1 min. One patient (no. 2) had two 
lesions, one which showed increased uptake and one who plateaued (Figure 1&2). 

Figure 1. A typical example of dynamic and static 68Ga-PSMA-11 uptake (patient 2). A) The dynamic 
PET-data is reconstructed into a time frame of 5 minutes. One can clearly see the prostate tumour 
uptake in minute 5-10. In the last time frame, the bladder activity is clearly visible. B) Maximum Inten-
sity Profile of the regular clinical static scan in shown. C) PET/CT fusion of the static scan in transverse 
direction. In D) the delayed static scan of the pelvic region is shown. 
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68Ga-PSMA-11 uptake at the second dPET/CT scan followed the same uptake pat-
tern in the prostate tumour, gluteal muscle and common iliac artery (Figure 2). The 
intra- and interpatient variation in uptake is provided in Table 2. The largest intra 
patient variation was observed in bladder TAC (median 32.7%), while tumour (9.7%), 
gluteal (14.1%) and arterial accumulation (12.2%) proved to be repeatable over time.

Table 2. Inter- and intra-patient variability in SULmean of the dynamic and static PET. Data is shown as median 
(range). *The highest value for SULmean on the PET is provided here.

Figure 2. The SULmean time activity curve of all patients for the common iliac artery (A), gluteal muscle 
(B), prostate tumour (C), and the TBR (D). The TAC of the prostate tumour shows clear deviation in pa-
tients 1. 2S,4 which become stable in uptake after 5 minutes and the 2L,3,5 which keep increasing. Note 
that patient 2 has a large (L) and a small (S) lesion. 

Dynamic PET Whole body static PET

Site SULmean
* Intra-patient (%) Inter-patient

CoV (%)

SULmean
* Intra-patient (%) Inter-patient

CoV (%)

Artery 4.3

(3.6-5.3)

12.2

(3.4-13.8)

12.5 0.8

(0.6/1.0)

14.1

(3.5-45)

17.1

Tumor 5.7

(1.9/7.6)

9.7

(1.1-16.5)

40.5 5.1

(1.5/8.5)

10.7

(4.4-43.1)

50.3

Muscle 0.4

(0.3/0.5)

14.1

(3.0-18.1)

27.0 0.3

(0.2/0.5)

13.2

(5.8-22.9)

32.8

Bladder 8.4

(1.5/20.2)

32.7

(11.8-100.4)

94.1 6.4

(2.1/26.8)

47.3

(5.0-118.8)

90.4
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Tumour PSMA accumulation 

As mentioned before, not all patients showed an increase in tumour accumulation 
for the entire duration of the scan. The six lesions of the five patients can be di-
vided into two groups based on the TACs after 5 minutes: one group with stable 
uptake after 5 minutes (n=3) and the other with an ongoing increase in uptake after 
5 minutes (n=3). Note that one patient had two intra-prostatic lesions both with 
a different uptake pattern. Looking at the first 5 minutes (absorption phase), both 
groups follow the same pattern. At this absorption phase the SUL varies between 
the groups, though nog significant (3.5 versus 2.1, p-value 0.1), while the SUL at 
20 minutes post-injection differs significantly (5.4 versus 2.1, p-value 0.003). These 
patterns were visible both in the test and retest setting. 

No evident difference in demographics (Gleason score or initial PSA) was observed 
between the two groups (Table 1). In addition, also no differences between arterial 
and gluteal muscle uptake patterns (Figure 3) or tissue diffusion as measured on 
ADC-MRI was present. The only evident difference was tumour volume, which is 
about 12 times higher in patients that kept rising (36 cc versus 3 cc). This difference 
also occurred in a patient with two different uptake patterns within one scan, with 
a large and small lesion (31 cc versus 2 cc).

Figure 3. Average time activity curve (±range) of the artery and gluteal muscle, separated into two 
groups with different uptake patterns in the tumour, in blue the stable group and in red the rising 
group.
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Discussion
In the present study, we have evaluated the intra-prostatic 68Ga-PSMA-11 uptake during 
the first 30 minutes after injection in patients with primary PCa in test-retest setting. 
The goal was to gain insight into the dynamic behaviour and its repeatability related to 
intraoperative CLI imaging [21]. The intra patient variation of the TACs was below 15% 
for the artery, tumour and gluteal muscle, showing the repeatability of dynamic imaging 
in primary prostate cancer. The variation of the bladder was higher (32.7%), which is in 
line with the expectations based on urinary excretion. This finding is consistent with 
the repeatability of whole body static PSMA PET/CT scans 45-60 minutes p.i. [25,26].

With respect to tumour accumulation, this was already visible within the first 5 minutes 
p.i., which is consistent with the studies by Kabasakal et al. [16], Uprimny et al. [15] 
and Schmuck et al. [17]. The latter two studies, showed comparable TACs of the glu-
teal muscle and artery as found in our study, with stable uptake after 5 and 3 minutes 
respectively. Early imaging might enable better visualization of the prostate tumour, 
especially at the basal side, as intense urine accumulation in the bladder was seen at 
9±5 minutes p.i. In contrast, some studies promote late PSMA-PET scans [10,17], which 
can be especially beneficial for lymph node detection. However, imaging four hours p.i. 
means that the PET-signal is lower and effects of image noise are higher. Thus, SUL 
values in late time-point scans should be carefully interpreted. Though early and late 
time-point imaging both have their pros and cons, there is no clear difference in the 
number of lesions detected between the two approaches [16,17]. So, regarding intraop-
erative CLI imaging with 68Ga-PSMA-11 it was concluded that test-retest accumulation 
patterns are highly repeatable, and intraoperative detection can commence as early as 
5 minutes p.i..

Stable and rising uptake in PCa

Visualization of the individual prostate tumour TACs revealed a distinct difference 
between the patients. Three lesions showed a stable uptake profile after five minutes, 
whereas three lesions had increasing tumour uptake over time. This effect is not yet 
described in literature, we think, mainly because previous literature reported the mean 
TAC of all patients, thus obscuring this effect. The difference in TAC shape might be 
explained by multiple causes, such as systemic distribution of 68Ga-PSMA-11, tumour 
biology, technical differences and tumour perfusion, which each will be discussed 
below. 
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After intravenous injection of 68Ga-PSMA-11, it is distributed proportionally through 
all tissues by the systemic blood flow, so a reduced tumour accumulation might 
be explained by a limited systemic supply of 68Ga-PSMA-11. When comparing the 
uptake in the common iliac artery and gluteal muscle, there was no clear difference 
between both patient groups (arterial SULmean (t=2min) stable: 4.3 versus rising: 4.2; 
gluteal SULmean (t=30min) stable: 0.4 versus rising: 0.4). Therefore, it is unlikely that the 
difference in tumour uptake is explained by a reduced systemic supply of 68Ga-PS-
MA-11. 

Technical differences, like reconstruction parameters or tracer activity and uptake 
time, are also known to influence the quantitative values especially in smaller le-
sions. However, present patients were scanned on a the same scanner, with equal 
imaging and reconstruction protocols. Furthermore, the measures of each individual 
patient were repeatable as shown in Table 2. Since tumour volume turned out to 
be the only relevant parameter , the partial volume effect might explain the differ-
ence in uptake [27]. In quantitative PET-imaging, the recovery coefficient is lower 
for smaller lesions [28], thus implying that the measured uptake is proportional to 
lesion size. Still, in the current study, the lesion volume did not change over time 
resulting in a constant underestimation for small lesions, thus not explaining the 
different shapes of the TACs between the groups. 

Perfusion, defined as the rate in which blood flows through the vascular bed of a 
tissue, can induce heterogeneous accumulation patterns. In large tumours one can 
presume that not the entire tumour is adequately supplied, despite the upregulat-
ed angiogenesis and increased permeability of vessels [29,30]. With dynamic con-
trast-enhanced MRI perfusion and vascular permeability can be assessed [31], so in 
future studies this might be considered. 

The actual tumour phenotype might also be a factor to clarify the different uptake 
curves. Since 68Ga-PSMA-11 binds to the PSMA-receptor, the difference might be 
caused by variations in expression. A plateau in the TAC graphs might indicate total 
occupancy of the receptors by 68Ga-PSMA-11 suggesting that the number of recep-
tors is low in smaller sized tumours. In bigger tumours, on the other hand, there is 
such a large amount of receptors that the saturated state will not be accomplished 
within the scanning time of 30 minutes. To test this hypothesis, one should look at 
the receptor immunohistochemistry staining that matches with the radiolabelled 
PSMA-ligand. Woythal et al. found that a high SUVmax 60 minutes post-injection 
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correlates to a tumour lesion with a high immunoreactivity score. Still, this does 
not mean by definition a bigger lesion, as they did not find a correlation between 
the size of the lesion and SUVmax [32]. If indeed a selection of patients show satu-
ration after administration of the ligand, this observation will be relevant for both 
response monitoring and PSMA-based radionuclide therapies. The amount of PSMA 
peptide in 68Ga-PSMA-11 is typically lower than 10 µg, and for Lutetium-177 PSMA 
this is much higher 250 µg per cycle. So, for diagnostic imaging this induces a 
dependency of SUV-measures from ligand concentration and tumour load, whereas 
for peptide therapies it may result in overdosing of patients with limited tumour 
load. However, the current population is small, and more research is needed to con-
firm these findings.

Limitations

The current study has some limitations that need to be addressed. First of all, the 
number of patients is too small to draw definite conclusions, even though the dif-
ferences in absorption phase and tumour SULt=20min between the groups seem sig-
nificant. Still, we think our findings demonstrate an interesting phenomenon, which 
is worth exploring in the future. Second, the TACs of the first 30 minutes were not 
continued to the two later static time points, since extrapolating the curve from this 
single time point will enter too much uncertainty about the uptake pattern. Nev-
ertheless, those standalone points gave valuable information, since tumour uptake 
was divided in the same groups. As there is still no consensus or standardization in 
segmentation of primary prostate cancer lesions on PSMA-PET/CT, manual segmen-
tation was used in this study instead of a threshold-based segmentation. Though 
generally not preferred, a study by Zamboglou et al. showed that manual segmen-
tation outperformed the fixed threshold method in PSMA-PET/CT, when comparing 
the size of the segmentation to the histopathological size of the lesion [33]. Still, 
accumulation on PET is inherently prone to partial volume effects and only provides 
average accumulation over relatively large voxels, thus thereby limiting the ability 
to assess intra-tumour heterogeneity and multifocality. Next, in this study we did 
not perform arterial blood sampling, to verify plasma tracer input functions. How-
ever, image-based tumour-to-blood ratios were validated as a simplified method to 
quantify uptake [34] as shown in Figure 2.
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Conclusion
Dynamic 68Ga-PSMA-11 PET/CT scans are reproducible within a 4 week time period. 
In general, 5 minutes post injection a plateau is reached for the artery, gluteal mus-
cle and for some prostate tumours. There seems to be a deviation after 5 minutes 
in patients with a large tumour volume where uptake increases over time and stable 
uptake in patients with a small tumour volume. This information might be beneficial 
for patient selection for radionuclide therapy with PSMA as target and early time-
point imaging. 
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Abstract
Introduction

Currently, approximately 11-38% of prostate cancer (PCa) patients undergoing rad-
ical prostatectomy have a positive surgical margin (PSM) on histopathology. Ce-
renkov luminescence imaging (CLI) using gallium-68 prostate-specific membrane 
antigen (68Ga-PSMA-11) is a novel technique for intraoperative margin assessment. 
The aim of this first-in-man study was to investigate the feasibility of intraoperative 
68Ga-PSMA-11 CLI. In this study feasibility was defined as the ability to distinguish 
between a positive and negative surgical margin, imaging within 45 minutes and low 
radiation exposure to staff.

Methods

Six patients were included in this ongoing study. Following perioperative intrave-
nous injection of ~100 MBq 68Ga-PSMA-11, the prostate was excised and immediate-
ly imaged ex vivo. Different acquisition protocols were tested, and hotspots on CLI 
images from the intact prostate were marked for comparison with histopathology. 

Results

By using an acquisition protocol with 150s exposure time, 8×8 binning and a 550 nm 
shortpass filter, PSMs and negative surgical margins (NSMs) were visually correctly 
identified on CLI in 3 of the 5 patients. Two patients had a hotspot on CLI from 
cancer ≤0.1 mm from the excision margin. 

Conclusion

Overall the study showed that 68Ga-PSMA-11 CLI is a feasible and low-risk tech-
nique for intraoperative margin assessment in PCa. The remaining patients in this 
ongoing study will be used to assess the diagnostic accuracy of the technique.
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Introduction
Approximately 11-38% of patients treated with radical prostatectomy have a posi-
tive surgical margin (PSM) on final histopathology [1,2]. Although conflicting results 
on the long-term oncological effects on survival have been published, adjuvant local 
radiotherapy was found to reduce biochemical recurrence rate and is therefore of-
fered to men with PSM [1,3,4]. Complete surgical excision is challenging as the sur-
geon currently depends on visual and tactile appearance to distinguish cancerous 
from normal tissue. Additional modalities for intraoperative margin assessment can 
enable more radical excision. NeuroSAFE is a histopathological technique that ap-
plies fresh-frozen section evaluation on areas near the neurovascular bundle during 
surgery. This technique is currently used in several clinics to reduce PSM rates while 
improving functional outcomes [5-7]. As this technique aims at conserving the neu-
rovascular bundle, rather than actual margin assessment of the prostate surface, 
only the posterolateral part of the prostate will be sampled. Next, the NeuroSAFE 
technique is labour-intensive, time consuming (~45 minutes) and prone to sampling 
errors as only a small part of the prostate is assessed [7,8]. 

Other imaging-based technologies to assess margin status are being developed, 
one of which is Cerenkov luminescence imaging (CLI). Cerenkov radiation is pro-
duced when a charged particle (e.g., beta particle from isotopes such as fluorine-18, 
gallium-68, zirconium-89, yttrium-90, etc.) travels faster than the speed of light 
trough a dielectric medium such as tissue [9-11]. When the locally polarized medium 
along the path of that particle returns to its ground state, broad spectrum electro-
magnetic radiation known as Cerenkov radiation is emitted. Because of the weak 
light intensity of Cerenkov radiation, it can only be detected by means of highly 
sensitive optical imaging systems in a dark environment. Roughly one decade ago, 
CLI became of interest to the biomedical field [12], after publications that modern 
sensitive CCD detectors are able to visualize Cerenkov radiation in mice. The initial 
studies using fluorine-18 and zirconium-89 showed that accurate visualization and 
quantification of Cerenkov radiation is possible [10-16]. The first clinical study of 
CLI was published in 2013 using Iodine-131 to image the thyroid gland [17], and in 
2017 the feasibility of CLI for intraoperative margin assessment was demonstrated 
in breast cancer [18]. In the latter study patients received a preoperative injection 
of 18F-Fluorodeoxyglucose (18F-FDG), followed by breast-conserving surgery and in-
traoperative imaging of excised wide local excision specimens in a dedicated CLI 
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system to assess margin status. 

Applicability of 18F-FDG in prostate cancer (PCa) is unfortunately limited, since there 
is a low uptake of glucose due to the low rate of glycolysis [19,20]. With the intro-
duction of tracers that target the prostate-specific membrane antigen (PSMA), the 
role of molecular imaging in PCa changed rapidly. Positron emission tomography 
(PET) using gallium-68 (68Ga) or 18F-labelled PSMA-ligands are increasingly used for 
primary staging in high-risk patients, with excellent diagnostic performance [21]. An 
important aspect for CLI is the initial positron energy of an isotope; the higher the 
initial energy, the longer the path length trough tissue, and hence, the higher the 
Cerenkov-yield. So, in addition to the receptor-targeted accumulation of PSMA-li-
gands in PCa lesions, the advantage of 68Ga-labelled radiopharmaceuticals for CLI 
is the high Cerenkov yield [16]. In our previous study we demonstrated that the 
Cerenkov yield from 68Ga is approximately 22 times higher compared to 18F, which 
should enable clinical translation of CLI in PCa [22]. 

The aim of this first-in-man clinical study was to assess the feasibility of 68Ga-PS-
MA-11 CLI for intraoperative margin assessment in PCa. Here clinical feasibility of 
the technology is defined as the ability to distinguish between a PSM and a nega-
tive surgical margin (NSM) by imaging the entire prostate within 45 minutes (typical 
duration of the NeuroSAFE procedure) and with low radiation exposure to staff. 
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Methods
Patient inclusion

Present study was approved by the local medical ethics committee (NL8256). Six 
high-risk primary PCa patients scheduled for robot-assisted radical prostatectomy 
(RARP) were enrolled in this on-going trial after written informed consent was ob-
tained. The main inclusion criteria were a tumour lesion ≥1.5 cm on MRI, and a PS-
MA-positive intra-prostatic lesion on PSMA PET/CT. In all patients CLI images were 
not used for surgical or histopathological decision making.

Surgery and intraoperative CLI 

An intravenous injection of ~100 MBq 68Ga-Glu-urea-Lys (Ahx)-HBED-CC (ABX 
GmbH, Radeberg, Germany) was given immediately after the da Vinci® surgical sys-
tem was docked. After removal, the prostate was prepared for Cerenkov imaging 
by rinsing it with sodium chloride to clear any potential radioactive contamination 
from blood or urine. 

Images from six sides of the prostate (left/right, anterior/posterior, basal/apical) 
were acquired using the LightPath® CLI system (Lightpoint Medical Ltd, Chesham, 
UK) (Figure 1). This device consists of a light-tight specimen chamber, and acquires 
a photographic reference image and a Cerenkov image which are automatically 
overlaid [23]. To reduce the noise from high energy gamma photons (called gam-
ma strikes), the images are immediately processed by the LightPath® software by 
applying a Gaussian filter (σ=3 pixels) and a median filter (3×3 pixels) and then 
displayed. In our previous in vitro study, it was found that images with 120s ex-
posure, 2×2 binning and no filter were sufficient for detection of clinically relevant 
68Ga-PSMA-11 activity levels [21]. This imaging protocol formed the basis for the 
current ex vivo clinical study. To account for potential differences in signal levels 
that can be expected when converting in vitro results to an ex vivo clinical setting, 
in the current study images were acquired with different acquisition times (30, 60, 
150, 300s), pixel binning (2×2 [234 µm], 4×4 [469 µm], 8×8 [938 µm]) and optical 
filter (no filter and 550 nm shortpass filter) with the aim to identify an acquisition 
protocol that provided sufficient sensitivity within a time-window feasible for intra-
operative use (<45minutes).

If areas of increased signal on CLI (called “hotspots”) were visualised on the intact 
images acquired without an optical filter, the acquisition was repeated with a 550 
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nm shortpass filter. As shorter-wavelength light has a higher attenuation and scattering 
in tissue, a persistent hotspot on the shortpass-filtered image indicates presence of 
68Ga-PSMA-containing cancer cells near the excision margin. Based on visual assess-
ment of the intact images, hotspots were marked with a suture for accurate comparison 
with histopathology.

Figure 1. Workflow of the current CLI study, (A) A preoperative 68Ga-PSMA-11 PET-CT and MRI 
scan are acquired 3-4 weeks prior to surgery as per standard of care, based on the result of 
these images patients are included. (B) During surgery 68Ga-PSMA-11 is administered i.v. after the 
da Vinci® surgical system is docked. Radiation dose to all surgical staff is monitored. Note the po-
sition of the scrub nurse in close proximity to the patient. Once removed, the prostate is rinsed 
with NaCl to clear any radioactive urine and blood that could be present on the surface. (C) The 
prostate is positioned in a disposable specimen tray. (D) Images of all six sides of the prostate 
using the different settings are acquired in the CLI device. (E) Unfiltered Cerenkov image of the 
intact prostate specimen (F) Upon image completion of the intact prostate, the prostate is inked 
and cleaved ~1 cm from the apex by a trained person. (G) Image of the cleaved prostate and 
the corresponding CLI image acquired with the same settings as the intact specimen to confirm 
tumour uptake and quantify the intensity in benign and cancerous tissue.
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Following CLI of the intact prostate specimen, the surface of the prostate was inked 
and cleaved 1 cm from the apex according to standard histopathological protocol. 
The cleaved prostate was subsequently imaged with CLI to visualize the primary 
lesion, to confirm presence of 68Ga-PSMA-11 in the primary lesion and to quantify 
the signal in benign and cancerous tissue. The workflow of the CLI-procedure is 
displayed in Figure 1. 

Radiation safety monitoring

As 68Ga-PSMA-11 is not routinely used in the operating room, the radiation exposure 
to the operating room staff was monitored using electronic personal radiation do-
simeters (MGP Instruments DMC 2000; Mirion Technologies, Ltd.). Measurements 
included the scrub nurse positioned directly next to the patient, the surgeon posi-
tioned behind the da Vinci surgical robot at ~three meter from the patient, and the 
anaesthetist, periphery nurse and researcher positioned more than one meter away 
from the patient.

Histopathology

After completion of CLI, the specimens were taken to the Pathology department. 
Histopathological examination was performed as per standard of care by an experi-
enced uropathologist (EMB). A PSM was defined as cancer extending into the inked 
surface [24]. 

Image analysis

In addition to visual assessment of the intact prostate image to qualify if the mar-
gins are positive or negative, explorative quantitative assessment was performed 
after surgery using MATLAB R2017b (The MathWorks, Natrick, WA). The researcher 
(JoH) who performed this post-hoc evaluation was blinded to the histopathology 
results, but had access to the patient’s PSMA-PET/CT and MRI. First, the images 
were post-processed by subtracting a background image (i.e., a CLI image of an 
empty specimen tray acquired with the same acquisition settings) from the clinical 
CLI images. This was performed to remove any camera noise in the image as well as 
the artefact from a defect pixel in the camera (Figure 2). Measurements of the mean 
radiance (photons (p)/s/cm2/sr) were performed by manually selecting regions of 
interest (ROI) on the post-processed images of both the intact and cleaved pros-
tate images around areas showing hotspots (tumour) and in areas with no increased 
signal (tissue background), and based on the latter ROIs the tumour-to-background 
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ratios (TBRs) were calculated. The quantitative analysis of the cleaved prostate 
images was performed with the aim to eventually identify a quantitative threshold 
for discriminating between a PSM and NSM. To enable comparison of signal levels 
between images of each patient individually the signals (tissue background and tu-
mour) were corrected for radioactive decay. Additionally, decay corrected radiances 
were also corrected for injected activity to enable comparison of images between 
patients (corrected radiance). The process of image analysis is displayed in Figure 2. 

Figure 2. Overview of the image analysis and quantification methods. (A) Intraoperative 
Cerenkov image of the specimen after median and Gaussian filtering. This image is used for 
visual identification of a PSMs and NSMs. (B) A Cerenkov image of an empty background. 
Note the presence of the defective pixel (green arrow). (C) Post-processed Cerenkov image 
after background subtraction. Note that the background subtraction removes the defective 
pixel on the post-processed image. (D) The PSMA PET/CT scan. The green line on the Maxi-
mum Intensity Profile (MIP) image indicates the location where the prostate is cleaved. The 
transverse image of the fused PET/CT scan highlights the location of the tumour (red ROI) 
and benign tissue (blue ROI). (E) Intraoperative CLI image of the prostate from patient 2 
after the specimen was cleaved at the apex, showing the tumour (red ROI) and the benign 
tissue (blue ROI). (F) CLI image of intact prostate specimen from patient 2. Two hotspots, 
corresponding with a histopathological PSM, can be identified (ROI 1 and ROI 3). Areas with 
no increased signal, corresponding with benign tissue from a NSM, can also be seen (ROI 
2). For clarity each ROI is also highlighted with a green arrow. For this patient the TBR was 
calculated by dividing the radiance from ROI 1 and ROI in 2. The dotted white line represents 
the location where the prostate was cleaved. G) Histopathology image of the area corre-
sponding with ROI 3 on the intact CLI image. A PSM can be identified (green arrow). 
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Results
Six patients were initially included into the study, but one patient had to be ex-
cluded due to unsuccessful 68Ga-PSMA-11 labelling on the day of surgery. The mean 
injected activity was 83±19 MBq, and the mean time between injection and CLI 
acquisition of the prostate was 73±14 min. An overview of the patient characteris-
tics, 68Ga-PSMA-11 activity, CLI results and histopathological results can be found 
in Table 1. Two out of five patients had a PSM according to histopathology (patient 
1 and 2).

Figure 3 displays images with variable binning, filters and exposure times, which 
were used to evaluate and optimize the CLI acquisition settings on the intact pros-
tate. An exposure time of 150s was sufficient to detect cancerous lesions on CLI on 
both the intact prostate specimen (Figure 3 & 4). Based on the intact prostate im-
ages, a 150s exposure was favoured over a 300s acquisition as the TBR for the latter 
did not sufficiently improve to outweigh the increase in acquisition time (TBR 1.85 
vs 1.98). An 8×8 pixel binning improved the TBR compared to 2×2 and 4×4 binning, 
respectively (TBR 1.85, 1.26, and 1.06). Acquisitions without a filter had a higher TBR 
(4.33) compared to the ones with filter (TBR 1.85). 

Data from the CLI images of the cleaved prostate showed that the tumour had a 
higher radiance as compared to the benign tissue, both on the filtered (mean TBR: 
3.6±1.4) and non-filtered images (mean TBR: 2.1±0.4), Table 1. As expected, the use 
of a filter decreased the radiance in both tumour and tissue background areas. In 
patient 3 the tumour could not be identified on the cleaved prostate image, as the 
tumour was not located in the apex region where the incision was made but in the 
base. 

In the two patients with a PSM (patient 1 and 2), hotspots were identified in corre-
sponding areas on both the non-filtered and the filtered intact prostate image, thus 
enabling successful identification of PSM on CLI (Figure 4). Three out of five patients 
had a histopathological NSM. In one of these patients (patient 3), the NSM was cor-
rectly identified on CLI as the hotspot was present on the non-filtered images but 
not on the filtered image, potentially indicating PSMA-containing cells further away 
from the resection margin (Figure 4). In the other two patients (patient 4 and 5), a 
hotspot was identified on the non-filtered and in one patient as well on the filtered 
CLI image, and in both cases histopathology found tumour cells ≤0.1 mm from the 
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margin. In patient 5, the hotspot was not clearly visible on the filtered intact image, 
however, the quantitative TBR was high at that location. 

The sterile scrub nurse received the highest dose because of their close proximity 
to the patient: 0.016 mSv. The average dose to the anaesthetist, surgeon, periphery 
nurse, and researcher were substantially lower: 0.001 mSv, 0.005 mSv, 0.002 mSv and 
0.001 mSv, respectively

Table 1. Patient characteristics and CLI and histology results of all 5 patients The displayed radiances are activity and 

decay corrected. iPSA: initial prostate specimen antigen level. HPath: histopathology TBR: Tumour-to-Background 

Ratio. ^: in this patient the tumour was located in the base of the prostate while the prostate was cleaved ~1cm from 

the apex, thus preventing visualisation of the tumour on CLI. **: although no histopathological PSM, the location of 

the hotspot on CLI agreed to a tumour to ink distance of <0.1 mm on the histopathology slide. x – No non-filtered 

image taken. N/A: As there was a NSM in patient 3,4,5 there was no TBR calculated from the intact specimen. Note 

that patient 2 had a PSM on two locations, therefore the corrected radiance of both hotspots is displayed, as well as 

the TBR of both locations on the intact prostate. Pre- and postoperative tumour grade are based on the clinical TNM 

stage [29]: T for primary tumour, N for nodal stage, M for metastases. R stands for margin status and X indicates that 

the status of a certain characteristic cannot be determined. c for clinical, indicates that the classification is based on 

clinical parameters. p for pathological, indicates that the classification was performed, in this case on the excised 

prostate in the pathology lab. 
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age (y) 67 71 58 73 63

Weight (kg) 75 75 106 126 86

Preoperative Tumour Grade cT3bN0M0 cT1cN0M0 cT1cN0M0 cT1cN0M0 cT2cN0M0

Postoperative Tumour Grade pT3aN0Mx pT3aN0Mx pT2CN0Mx pT3bN1Mx pT2N0Mx

iPSA (µg/L) 29.9 4.4 5.3 8.3 6.4

Gleason Score 4+4=8 4+4=8 4+4=8 4+5=9 4+9

Prostate volume MRI (cc) 47 30 41 76 28

SUVmax on PSMA PET/CT 24.8 31.6 4.3 49.2 21.2

Injected 68Ga-PSMA-11 activity 
(MBq)

118 68 88 76 65

Activity at start of CLI (MBq) 45 51 38 42 34

Suspected PSM CLI Yes Yes No Yes Yes

PSM on histopathology Yes Yes No No No

Location agreement CLI –Hpath Yes Yes N/A Yes** Yes**

Closeness tumour to surface 
(mm)

0 0 3 0.1 0.1

Corrected radiance hotspot in-
tact prostate (p/s/cm2/sr) 

550nm filter/no filter 

1497/x 1446/16691

1711/14533

798/11139 1617/16474 1264/12500

TBR intact prostate

550nm filter/no filter

3.3/x 4.0/4.7

4.7/4.1

2.5/2.5 3.3/2.7 7.7/2.5

Corrected radiance hotspot 
cleaved prostate (p/s/cm2/sr) 

550nm filter/no filter

2135/x 1149/12554 ^ 1783/16159 2642/18430

TBR cleaved prostate

550nm filter/no filter

3.1/x 2.2/1.8 ^ 3.1/2.6 5.9/1.8
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Figure 3. Results of protocol optimisation process with different acquisition settings. The images in the 

upper row are from patient 1 who had a histopathological PSM at the apex. All images were acquired 

with 8×8 pixel binning and 550 nm shortpass filter but with different exposure times of 30s (TBR:1.10), 

60s (TBR: 1.18), 150s (TBR: 1.85) and 300s (TBR: 1.98). The images in the centre row are also from patient 

1and were acquired with 150s exposure time and filter, but different pixel binning 2×2 (TBR: 1.06), 4×4 

(TBR: 1.26) and 8×8 (TBR: 1.85). The bottom row images are from patient 3 and were acquired with 150s 

exposure time and 8×8 binning, but without a filter (TBR: 4.33) and with filter (TBR: 1.85), respectively. 

Note that the area of increased signal with the green arrow appears in all non-background subtracted 

images; this is an artefact from a defect pixel in the camera of the CLI system, and can be ignored. The 

colour bar indicates the scale of counts. 
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Figure 4. An overview of the PET/CT scans and CLI images of all five patients. The MIP of the PSMA 

PET-scan. Note that these scans were obtained using 68Ga-HBEDCC-PSMA (patient 5) and 18F-DCFPyL 

(patient 1, 2, 3, 4), hence the difference in PSMA-tracer distribution. The transverse image of the fused 

PSMA PET/CT scan at the level of the prostate lesion. Non-filtered CLI images of intact prostate speci-

men. Note that patient one did not have a non-filtered image taken. Filtered CLI images of intact pros-

tate specimen. Non-filtered CLI images of the cleaved prostate. The prostate specimen was cleaved 

at ~1cm from the apex. Note that in patient 3 was not located in the apex region but in the base and 

therefore no tumour signal is visible on the CLI image. Scaling of the PET-scans was performed based 

on the intensity of the liver; CLI images were scaled visually based on the benign background signal. 

The displayed CLI images are the intraoperative images that are not corrected for background which 

explains the presence of the defective pixel. All CLI images were acquired with 150s exposure time and 

8x8 binning. *The patient numbers marked with a star had a PSM based on histopathology.
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Discussion
In the current study, we present the first-in-man usage of intraoperative 68Ga-PS-
MA-11 CLI in primary PCa. The results from the first patients enabled optimisation 
of the imaging protocol, and demonstrated the technical ability to correctly identify 
PSMs. The use of optical filters improves the ability to visually distinguish between 
PSM and NSM on CLI, a finding that has not been reported before. Importantly, the 
performed workflow was considered clinically feasible and safe for surgical staff in 
terms of radiation exposure levels. 

These initial results show that by using an administered activity of 65 MBq 68Ga-PS-
MA-11, a 150s acquisition time with 8×8 pixel binning, and specimen imaging with 
and without 550 nm shortpass filter, a PSM can be successfully detected. Compared 
with the published 18F-FDG CLI results in breast cancer, the current protocol uses a 
3 times lower activity and a 2 times shorter acquisition time which is possible due 
to the higher tracer uptake and Cerenkov yield of 68Ga-PSMA-11 [18]. Despite the 
longer duration of prostate cancer surgery, the lower injected activity and shorter 
half-life resulted in a roughly 2 times lower staff exposure. The radiation exposure 
to personnel, a maximum of 0.016 mSv per procedure, were within the International 
Commission on Radiological Protection limits [25]. Based on these values a single 
scrub nurse can perform a minimum of 62 CLI procedures before exceeding the 
limits; a surgeon can perform 200 CLI procedures. All 6 sides of the prostate could 
be assessed with the CLI within approximately 20 minutes, which is well within 
the time window acceptable for intraoperative use. Although CLI may still delay 
surgery to some extent, the procedure is approximately twice as fast as a typical 
NeuroSAFE procedure that is only performed on the posterolateral surface of the 
prostate. Furthermore, CLI enables whole-specimen assessment in the operating 
theatre without the need for a dedicated Pathology department, contrarily to Neu-
roSAFE. Next, when a lymph node dissection is performed as well, the surgery can 
continue with the dissection while CLI imaging of the prostate occurs. 

In 3 out of 5 patients the histopathological PSMs and NSMs were correctly detect-
ed on CLI. In two patients a hotspot on the Cerenkov image from the intact pros-
tate was obtained from a tumour deposit at ≤0.1mm from the inked surface. These 
false-positive results can be explained by the physical properties of 68Ga. The CLI 
signal is not produced in one spatial location, but instead along the positron tra-
jectory in tissue (±2.8 mm on average for 68Ga, which is the same as the PET range) 
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[26]. Although the use of an optical filter restricts the detected signal to enable 
visualisation of activity on the surface [27], it remains hard to quantify from what 
depth this activity actually originates. As identified in this first-in-man study, depth 
estimation is a key challenge of CLI and an important limitation compared with Neu-
roSAFE. The spatial accuracy that is achieved with histopathological evaluation is 
far greater than will ever be achieved using CLI. This aspect is further accomplished 
by the fact that it is difficult to estimate the real amount of activity present in the 
prostate after administration based on the Cerenkov images alone. In the future, 
the amount of activity present in the excised prostate specimen, could be measured 
using dose calibrators. 

A quantitative approach could help to discriminate between benign and tumour 
based on a threshold value, rather than on visual interpretation alone, since visual 
assessment is inherently prone to subjective window-level settings, and may result 
in erroneous identification of hotspots. In this study, each prostate was cleaved to 
enable visualisation and quantification of benign and cancerous tissue in the apex. 
This resulted in a mean TBR≥2, showing that the technology is able to sufficiently 
differentiate between tumour and benign tissue. Still, the process of cleaving is not 
preferred in the eventual work up, as it is time intensive and requires additional 
training. Our ongoing study will explore the possibility to define a TBR based on 
preoperative PET/CT scans to recognize and to quantify potential areas that have 
a higher risk for PSMs on Cerenkov images based on radiance values. However, in 
the current feasibility study the numbers were too small to make quantitative con-
clusions from the radiance levels. For quantification the time between injection and 
imaging, administered activity, can be used to normalise the data. Additional vari-
ables that influence the CLI signal that are more challenging to account for are the 
PSMA expression of the tumour, and the fact that CLI uses optical imaging which 
means that scattering and attenuation from superficial tissue and blood can alter 
the Cerenkov signal intensity. 

Though the current histopathological definition of a PSM is 0 mm (i.e., tumour on 
ink) [24], it is suggested that CLI could still provide valuable information on mar-
gin-status, not only to the surgeon but also to inform the pathologist about areas 
at risk to guide more detailed histopathological evaluation. Another possibility is to 
guide the NeuroSAFE procedure itself by indicating suspicious areas, so that only 
those areas could be sampled for NeuroSAFE assessment, thereby reducing the risk 
of sampling errors and the duration of the NeuroSAFE procedure. 
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The current feasibility study has several limitations. Firstly, this feasibility study 
only addresses a small selective population. The patients were selected based on 
a high chance of a PSM, thus not representative for the general population that 
will undergo RARP. Still, the included patients are the ones that could benefit the 
most from intraoperative margin assessment [28]. Secondly, the administered activ-
ity varied between the patients. The 68Ga-PSMA-11 was produced locally at specific 
time slots each day due to the fact that this is a generator product. Thus, the actual 
time of surgery needs to correspond to the 68Ga-PSMA-11 production time. Batches 
for multiple patients are retrieved from one production, therefore once the syringe 
is prepared for the study patient, and surgery is delayed, the activity cannot be 
adjusted accordingly. This is further complicated by the relatively short half-life of 
68Ga (68 minutes). To account for lower 68Ga-PSMA-11 activity levels due to delays 
in the start of surgery, the exposure time could be increased, thereby increasing 
TBR and ultimately aiding the visual identification of PSM on CLI. Still, variation in 
activity present in the prostate is normal considering a different PSMA expression 
between patients, and even within one prostatic lesion. This could be correlated to 
the SUV from preoperative PET/CT scans.
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Conclusion
This first in man study demonstrates that 68Ga-PSMA-11 CLI is a promising and safe 
technique for intraoperative margin assessment in PCa. The validated acquisition 
settings enable detection of PSMs within an acceptable time window for intraoper-
ative use, and acceptable radiation exposure to staff. The ongoing trial will further 
evaluate the diagnostic accuracy of CLI in a larger population and will assess the 
ability to establish a quantitative threshold to discriminate PSM from NSM, in addi-
tion to visual inspection alone. 
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Abstract
Introduction

Cerenkov luminescence imaging (CLI) is a novel imaging technology that might have 
the ability to assess surgical margins intraoperatively at radical prostatectomy us-
ing gallium-68 prostate-specific membrane antigen (68Ga-PSMA-11). This study eval-
uates the accuracy of CLI compared to histopathology and as secondary objective 
investigates the characteristics of a newly identified bioluminescence signal.

Methods

After intravenous injection of ~100MBq 68Ga-PSMA-11 intraoperatively, all excised 
specimens were imaged with CLI. Areas of increased signal were marked for histo-
pathological comparison and scored for likelihood of being a positive surgical mar-
gin (PSM) using a 5-point Likert scale. In addition, the bioluminescence signal was 
investigated in three radioactive and three non-radioactive specimens using CLI.

Results

In 15 patients, the agreement between CLI and histopathology was 59%; this im-
proved to 82% when including close surgical margins (≤1 mm). In six hotspots, CLI 
correctly identified PSMs on histopathology, located at the apex and mid-prostate. 
In all 15 patients an increased signal at the prostate base was observed, without 
the presence of the primary tumour in this area in eight patients. This biolumines-
cence signal was also observed in non-radioactive prostate specimens, with a half-
life of 48±11 min. The bioluminescence hampered the visual interpretation of four 
PSMs at the base. 

Conclusion

CLI is able to correctly identify the margin status, including close margins, in 82% 
of the cases. The presence of a diathermy-induced bioluminescent signal hampered 
image interpretation, especially at the base of the prostate. In the current form, CLI 
is most applicable to detect PSMs and close margins in the apex and mid-prostate. 
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Introduction
Positive surgical margins (PSMs) on histopathology occur in 11-38% of the patients 
undergoing a radical prostatectomy [1,2]. These men have a higher risk of receiving 
with adjuvant local radical therapy [1,3]. Multiple intraoperative margin assessment 
technologies are developed that aim to enable a radical excision(4). Of these, Neu-
roSAFE is currently the only method used for clinical decision making with good 
diagnostic accuracy (sensitivity: 93.5% & specificity: 98.8%) [5], but the procedure 
is labour intensive, time consuming and costly and prone to sampling errors and 
therefore only used in a small number of centres [6]. In addition, a study showed 
that 70% of the secondary resections due to a PSM on NeuroSAFE did not contain 
tumour [7]. 

A recently introduced technology to aid intraoperative margin assessment is Ce-
renkov luminescence imaging (CLI) [8–10]. Cerenkov radiation is induced when a 
charged particle travels faster than the velocity of light through tissue, thus po-
larizing the tissue. When the locally polarized medium returns to its ground state, 
Cerenkov photons are emitted [10]. Tumour-specific tracers, like gallium-68 pros-
tate-specific-membrane antigen (68Ga-PSMA-11), induce Cerenkov radiation and the 
detected rays from superficial layers can guide towards areas with high suspicion 
of a PSM. Recent studies on this application have already shown the feasibility and 
safety of this technique [11,12]. 

During a radical prostatectomy, electro surgery (i.e. diathermy) is used for cutting 
and coagulation of tissue. This technique uses radio-frequency currents to increase 
the intracellular temperature, which in turn can result in vaporization and blood 
clotting. A preclinical study suggested that heat may induce bioluminescence with 
wavelengths between 400-710 nm [13,14], which overlap with the Cerenkov spec-
trum (400-1000 nm) [15]. Thus, this bioluminescence might interfere with the CLI 
signal, indicating a potential limitation [13,14]. However, these studies were con-
ducted with animal tissue and used other thermal sources, thus the spectrum, half-
life and other features in human perfused tissue after diathermy application are 
unknown.

In our prior study we have investigated the technical feasibility of 68Ga-PSMA-11 
CLI for intraoperative margin assessment in a small male population with prostate 
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cancer (PCa) [12]. This consecutive study evaluates the accuracy of CLI compared 
to histopathology in a larger population, and as a secondary objective investigates 
the characteristics of a novel bioluminescent signal observed on CLI. 
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Methods
The present study was approved by the local ethics committee (NL8256, trialreg-
ister.nl). Patients with high-risk primary PCa scheduled for robot-assisted radical 
prostatectomy were enrolled in this trial after written informed consent was ob-
tained. The inclusion criteria were patients with biopsy proven prostate cancer with 
a tumour lesion ≥1.5cm on MRI and a PSMA-positive intra-prostatic lesion on PSMA 
PET/CT. The exclusion criterion was the use of Indocyanine green during surgery, 
since this may influence the CLI measurements. In all patients, CLI images were not 
used for surgical or histopathological decision making.

Surgery and intraoperative CLI 

An intravenous injection of ~100 MBq 68Ga-Glu-urea-Lys (Ahx)-HBED-CC (ABX 
GmbH, Radeberg, Germany) was given after the da Vinci® surgical system was 
docked. Immediately after prostatectomy, ex vivo Cerenkov images of the pros-
tate specimen were acquired with the LightPath® system (Lightpoint Medical Ltd, 
Chesham, UK) using the following imaging parameters: exposure time of 150s, 8×8 
pixel binning (pixel resolution 938 µm), no optical filter. A 550 nm shortpass filter 
was applied when areas of increased signal (called “hotspots”) were visualized on 
the non-filtered images.

Understanding the characteristics of the bioluminescent signal

Effect of urine contamination on CLI

Since 68Ga-PSMA-11 undergoes renal clearance, it was verified if radioactive urine 
might affect CLI, by first imaging three specimens without rinsing from potential 
blood and urine contamination. Next, it was rinsed twice with 500 mL 0.9% sodium 
chloride (NaCl) prior to subsequent imaging. The visual and quantitative difference 
between three images in the rinsing process were compared. In the other patients, 
CLI was performed after rinsing the prostate once with 500 mL of 0.9% NaCl.

CLI and flexible autoradiography on non-radioactive prostate specimens

The prostate specimens of three patients undergoing a prostatectomy without in-
jection of 68Ga-PSMA-11 (the ‘non-radioactive specimens’) were imaged with CLI to 
investigate the characteristics of the bioluminescence that was observed on the 
radioactive specimens. On the images multiple regions of interest were drawn to 
quantify any bioluminescence signal and the reduction in this signal by applying a 
550 nm shortpass filter. The half-life of bioluminescence was determined by consec-
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utive imaging over ~60 minutes. 

To investigate an alternative method that is potentially less susceptible to biolumi-
nescence than CLI, flexible autoradiography (FAR) was tested on non-radioactive 
specimens. A 12 μm flexible scintillating film (Lightpoint Medical Ltd. and Scintacor 
Ltd., UK) was draped over the specimen and imaged in LightPath using the same 
imaging parameters as for CLI. The opaque nature of the scintillator may block some 
of the bioluminescent photons while detecting the positrons emitted by 68Ga-PS-
MA-11 [16]. The reduction in bioluminescent signal from photon absorption by the 
FAR was assessed, as well as the half-life over a ~60 minute measurement period. 

FAR on 68Ga-PSMA-11 containing prostate specimens

In three CLI patients, FAR was used on 68Ga-PSMA-11 containing prostate speci-
mens in addition to CLI imaging. Images with and without 550 nm shortpass filter 
were acquired to investigate the effect of the FAR on the signal originating from 
68Ga-PSMA-11 uptake and in relation to bioluminescence.

Histopathology

After CLI acquisitions, the specimens were send for standard histopathological ex-
amination by an experienced uropathologist (EMB). A PSM was defined as cancer 
extending into the inked surface in accordance with the guidelines [17]. At the 
marked locations the tumour to margin distance was measured. 

Image analysis

Image quantification and pre-processing was performed in MATLAB R2017b (The 
MathWorks, Natick, USA) as previously described [12]. The mean radiance (pho-
tons/s/cm2/steradian) was measured in areas showing ‘hotspots’ (suspected tu-
mour) and in areas with no increased signal (tissue background), the tumour-to-tis-
sue background ratios (TBRs) were calculated. Hotspots were defined as signals 
higher than 3 times the standard deviation (sd) of the empty background[18]. Vi-
sual interpretation of all images was performed postoperatively by two indepen-
dent readers (JoH, BJdWvdV). All hotspots were scored to assess the likelihood of 
the spot being a PSM using a 5-point Likert scale (1-likely negative surgical margin 
(NSM), 5-likely PSM). Features used to score hotspots were: knowledge of the loca-
tion of the tumour on PSMA PET/CT, size of the hotspot (required size ≥1 mm due 
to 8×8 binning), intensity above the tissue background, and usage of diathermy. 
Observers were blinded for each other’s scores, any disagreement was settled in 
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consensus. A score on the Likert scale (LS) of 4 and 5 was considered PSM in fur-
ther analysis, 1-3 as NSM. The extent of the PSMs was measured on CLI images 
(longest axis) and compared to the extent measured on histopathology. Agreement 
between the margin status on histopathology and CLI was assessed in three areas 
of the prostate: base (top 1 cm), mid-gland and apex (bottom 1 cm). The agreement 
was calculated with and without additional image interpretation (using the LS), and 
with and without inclusion of a close surgical margin (CSM ≤1 mm tumour to margin 
distance).
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Results
Results intraoperative CLI radioactive specimens

In this study 17 patients were included. One patient was excluded due to an un-
successful 68Ga-PSMA-11 labelling on the day of the surgery and one due to the use 
of Indocyanine green, leaving 15 patients to be included in the analysis. The mean 
injected activity was 69±27 MBq (range 23-121 MBq), with on average 70±15 min 
(range 44-105 min) between injection and CLI acquisition. The patient and proce-
dure characteristics can be found in Table 1. 

Figure 1 displays examples of CLI images showing hotspots identified as PSM, NSM 
or CSM on histopathology. The overall agreement between CLI (hotspot yes/no) 
and histopathology with respect to the margin status (PSM or NSM) was 31% with-
out any image interpretation by the user (Figure 2 & Supplemental Table 1). This 
overall agreement improved to 59% margins when ≤1 mm (CSM) on histopatholo-
gy were also classified as PSM. Discordance between CLI and histopathology was 
mainly present at the prostate base. 

Figure 1. Examples of PET/CT and CLI images from four patients included in this study. Top row: maxi-
mum intensity profile (MIP) of the preoperative PSMA PET. Second row: transversal PET/CT slide at the 
height of the primary tumour. Third row: CLI of excised prostate specimens without an optical filter. 
The arrows locate the hotspot areas, in green a PSM, in blue an NSM, and in white an NSM with the 
tumour ≤1 mm from the margin, all defined on histopathology. The corresponding tumour to margin 
distances on histopathology are noted below the images.
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Table 2. Overview of the histopathology and CLI results from the ten histopathological PSMs.

PA - histopathology, PSM - positive surgical margin, TBR - tumour-to-tissue background ratio

Additionally, hotspots on CLI were scored using the Likert Scale (LS), taking into ac-
count the bioluminescence. A disagreement on the score between readers occurred 
in eight hotspots, and concordance was settled in consensus. In all these cases, the 
disagreement concerned 4 versus 5, or 1 versus 2-3. With the addition this image 

Ptn 
no.

Location of PSM on PA Likert score - TBR 
CLI

Gleason score at the 
PSM

Extent PSM PA/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 – 7.1

3 – 6.1

5 – 8.7

3 – 6.1

10

10

10

9

14/14

14/12

15/12

10/9.6

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 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), B) the agree-
ment includes CSM (≤1 mm). C) agreement when adding a Likert score to the CLI hotspot. D) the agree-
ment with Likert score includes CSM. Overall agreement is noted below the circles. 
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interpretation, the overall agreement between CLI and histopathology was 59%, 
which improved to 82% with inclusion of CSM. 

Ten hotspots were actually identified as histopathological confirmed PSM (Table 2); 
six were detected at the apex/mid-prostate with a LS ≥4 (true positive), and four 
were detected at the base with a LS of 3 (false negative). There were no proven 
PSMs that did not show signal on CLI. The extent of PSM measured on CLI and his-
topathology showed in 5/10 PSMs a difference of less than 1 mm, Table 2. 

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

In all 15 patients, an intense signal was observed on CLI at the prostate base, Figure 
3. In eight of these patients the prostate tumour was not located in the base, as 
indicated on preoperative PET imaging. These findings indicate the presence of an 
additional bioluminescence signal, which may explain the high false negative rate 
at the base.

Figure 3. CLI images from the prostate base in 68Ga-PSMA-11 patients and a bar chart showing the TBR 
of CLI and bioluminescence. Image A and B: unfiltered images of the bioluminescence at the base. Im-
age D and E: the corresponding filtered images. Image C and F: the base of patient 8, which had multiple 
PSMs at the base. These images show that visual distinction between of bioluminescence and PSMs 
is difficult. G: Bar chart displaying the TBR of bioluminescence in non-radioactive specimens and the 
average TBR of PSM, NSM and CSM in patients.

Chapter 7 | CLI in prostate cancer: not the only light that shines Chapter 7 | CLI in prostate cancer: not the only light that shines



148

Understanding the characteristics of the bioluminescent signal

Effect of urine contamination on CLI

After rinsing once, the bioluminescence signal at the base was reduced to 93% 
of the original CLI signal. After the second rinsing, the signal decreased to 88% 
compared to the unrinsed prostate. Time between the rinsed images and unrinsed 
image was respectively 5 and 10 minutes. 

CLI and FAR on non-radioactive prostate specimens 

The bioluminescent signal was also visible on CLI images from three ‘non-radioactive 
specimens’, primarily at the base, Figure 4. This observation underlines the hypothesis 
that bioluminescence is not originating from 68Ga-PSMA-11. The TBR of the biolumines-
cence was 4.9±1.1 on the unfiltered image. The half-life without an optical filter was 
48±11 min, and 52±16 min with the 550 nm filter. The application of a 550 nm shortpass 
filter resulted in a reduction to 15% of the original bioluminescence signal, which was 
comparable to the CLI signal reduction by filtering in radioactive specimens (18%). The 
application of FAR resulted in the reduction of the bioluminescent signal to 60% of the 
original CLI image, both with and without 550 nm filtering, Figure 5. 

Figure 4. Sequential imaging of non-radioactive prostate specimens to determine the effect of time on 
the intensity of the bioluminescence signal. Top row: images without filter. Bottom row: images with 
550 nm shortpass filter. Note that the same scaling is used in all images. The graph displays the half-
life of bioluminescence in three non-radioactive specimens on filtered and non-filtered images, and 
the half-life of 68Ga.
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FAR on 68Ga-PSMA-11 prostate specimens 

FAR put on the radioactive specimens reduced the bioluminescence to 70% at loca-
tions where diathermy was applied. Whereas tumour and tissue background signals 
were amplified by FAR on average 3.2 times the original signal (Figure 5 and Sup-
plemental Figure 1). 

Figure 5. FAR images of 68Ga-PSMA-11 containing prostate specimens and non-radioactive prostate 
specimens to investigate the effect of FAR on the tumour and bioluminescent signal levels. FAR re-
duced the bioluminescence in both the non-radioactive (60%) and radioactive specimen (70%) (top and 
bottom row). FAR amplified the signal originating from the tumour (centre row). The black arrow shows 
contamination of the scintillator. Note that the same scaling is used for all images.
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Discussion
The primary aim of the current study was to assess the concordance in margin 
status between intraoperative CLI and postoperative histopathology. This study 
showed that the agreement between CLI and histopathology ranged from 31-82% 
depending on definition of PSM and application of image interpretation using the 
Likert score. The secondary aim of the study was to characterize the observed 
bioluminescence identified on CLI. It was concluded that this signal is unrelated to 
68Ga-PSMA-11, has a mean signal-to-background ratio of 4.9±1.1 and a half-life of 
48±11 minutes. This bioluminescence proved relevant as it hampered easy identifi-
cation of 4/10 PSMs on CLI, all four located at the base. 

When considering the histopathological PSM definition as tumour on ink, the false 
positive rate found in the current study was considered high; with 24/30 hotspots 
(LS≥4) not having a PSM on histopathology (agreement 31%). Comparable false 
positive rates are also described by Darr et al., though their workflow and CLI pro-
tocol is slightly different [11]. Several explanations for these false-positives findings 
can be considered. Firstly, in 19 false positives the tumour-to-margin distance was 
within 1mm on histopathology. Due to the average positron range of 2.8 mm for 68Ga 
[19], the CLI technique has inherent difficulties in the detection of PSM defined as 
‘tumour on ink’. If instead of tumour on ink a PSM is defined as a margin of ≤1 mm, 
agreement between CLI and histopathology increases to 82%. The clinical relevance 
of a close margin is contradicting; some argue that having a CSM results in a higher 
rate of biochemical recurrence compared to a NSM, though it is not an independent 
predictor [20]. The role of a CSM in biochemical recurrence is found by Izard et al. 
as well, though having a CSM definition of <0.1 mm [21]. CLI might have added val-
ue to guide surgeons toward areas with an increased risks on PSM and CSM. The 
positron range might as well influence the correlation between the extent of the 
PSM on CLI and histopathology; in 5/10 PSMs the deviation between the extent on 
CLI and PA was more than 1 mm (Table 2). This can as well be caused by shrinkage 
of the specimen during fixation and histopathological processing. Still, it is worth 
further exploring it, as the extent of the PSM is an important prognostic factor [22]. 

Secondly, the presence of the bioluminescence signal also contributed to the false 
positive findings, especially in the base. In all included patients it was visible in the 
base in varying degrees, even when the primary tumour was not located there, and 
it was observed in non-radioactive specimens as well. The latter showed that this 
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signal does not originate from 68Ga-PSMA-11. Extensive rinsing with sodium chlo-
ride did not make the signal disappear, thus eliminating the effect of radioactive 
urine and blood contamination, as was initially suggested by Darr et al. [11]. Our 
hypothesis is that this signal is bioluminescence caused by the use of diathermy. 
The sudden heat from electro surgery, is known to result in the production of Reac-
tive Oxygen Species (ROS) [23]. After a cascade of reactions, decomposition of the 
molecule occurs resulting in emission of optical photons. These emitted photons are 
within the range of 400-710 nm [24], and thus overlap partially with the Cerenkov 
emission spectrum. In our institute, diathermy is mainly performed when separating 
the prostate from the bladder, though it is occasionally also used in other areas. 
Therefore bioluminescence is most prevalent at the base, explaining why the corre-
spondence between CLI (hotspot yes/no) and histopathology was only 20% (Figure 
2). However, visual interpretation with addition of a Likert score of the biolumines-
cence still influenced the agreement, as four PSMs at the base were false negative 
on CLI with a Likert score of 3, Figure 3C. In order to facilitate better detectability 
of PSMs a method to distinguish between Cerenkov and the diathermy-induced 
bioluminescence is eminent.

The mean signal-to-background ratio of the bioluminescent signal and the TBR 
of a PSM-suspected hotspots on unfiltered images were comparable: 4.9±1.1 and 
5.3±2.3, respectively. A study by Spinelli et al. found a heat-induced bioluminescent 
half-life of 4-6 minutes in chicken breast tissue [13]. They suggested a potential 
distinction between Cerenkov and bioluminescence based on half-life. However, the 
half-life’s of both signals in prostatic tissue showed overlap; the bioluminescence 
half-life found in this study was 48±11 minutes compared to 68 minutes for 68Ga. 
The discrepancy in bioluminescence half-life compared with Spinelli et al. may be 
explained by the differences in tissue composition and methods used to induce 
thermal damage A focused ultrasound transducer (60 Watt) was used by Spinelli 
et al. [13], while in our institution a monopolar diathermy device (Intuitive, Sunny-
vale, CA) at 40 Watt was used. The higher the power, the larger the temperature 
increase and the stronger the bioluminescent signal [23]. 

Another solution may be to look for alternative forms for the use of monopolar dia-
thermy, with a lower wattage resulting in less thermal induction and thermal spread 
[25,26], for example the PEAK PlasmaBlade (Medtronic, USA). Next, a theoretical 
method to reduce the presence of free radicals in tissue, and thereby preventing 
lipid peroxidation, could be the use of anti-oxidants like vitamin C or E [27]. Wheth-
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er these are viable solutions requires further investigation and for clinical use it is of 
key importance that they do not interfere with the surgical outcome or histopatho-
logical evaluation of the specimens.

To investigate an alternative method to CLI that is potentially less susceptible to 
bioluminescence, a flexible scintillating film was applied onto the specimen to per-
form FAR. The opaque film largely blocks optical photons, while positrons are de-
tected directly. The signal originating from 68Ga-PSMA-11 containing areas (tumour 
and benign) were enhanced ~3.2 times, compared to these areas on CLI (Figure 5 
& Supplemental Figure 1), whereas bioluminescence was reduced to 70%. Although 
this technique might help to distinguish between 68Ga-PSMA-11 and biolumines-
cence, there are some practical drawbacks to consider. Firstly, the scintillating film 
obscures the white light image and the anatomical or spatial information of the 
specimen is thus absent. Secondly, accurate positioning of the scintillating film on 
the specimen proved challenging, and more work is needed to improve its ease of 
use. Lastly, there is the potential for false positives from contamination of the scin-
tillator as shown in Figure 5. 

Future perspectives on CLI

The current histopathological definition of a PSM, being tumour on ink, is a require-
ment that currently cannot be met with 68Ga-PSMA-CLI. Therefore, instead of being 
used as a stand-alone technology our group proposes the CLI as screening tool for 
using NeuroSAFE. By sending only the areas that show suspicious hotspots on the 
CLI image for NeuroSAFE examination, instead of the entire neurovascular bundle, 
the procedure may become faster. 60-75% of the PSMs occur at the apex or pos-
terolateral side of the prostate [22,28], while the bioluminescence occurs especially 
at the basal side. When diathermy is used in other prostate area’s the surgeons 
are able to identify these locations visually, so inclusion of this knowledge during 
image interpretation may further improve the accuracy of CLI for combined use with 
NeuroSAFE. 
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Conclusion
CLI of 68Ga-PSMA-11 can be used for margin assessment during prostate cancer 
surgery. In the current study the agreement between CLI and histopathology was 
30-82% for the entire prostate, depending on definition of PSM and application 
of image interpretation using the Likert scale. The best results were achieved for 
cancer ≤1 mm from the margin on histopathology. The presence of bioluminescence 
from diathermy, especially profound in the basal area, hampers image interpretation 
of CLI. Therefore, 68Ga-PSMA-11 CLI is most applicable to detect close and positive 
surgical margins in the apex and posterolateral side. 
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CSM- close surgical margin, LS- Likert score PA-Histopathology, PSM-positive surgical margin, NSM – 
negative surgical margin.

Supplemental Figure 1. A bar chart showing the effect of the application of flexible auto-
radiography (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 
tumour, benign tissue and areas where diathermy was applied. Each bar chart displays the 
average ratio and standard deviation measured 3 different specimens. 

Supplemental Table 1. Agreement between CLI and histopathology at three regions of the prostate. The regions are 
divided into the number of PSMs, a tumour within 1mm of the surface (CSM), a NSM (tumour >1mm away from the 
surface) in the analysed pathology slide. CLI is divided into both on presence of hotspots (yes/no) and categorized 
by Likert scores (1-3: likely NSM, 4-5: likely PSM). The agreement between CLI and histopathology is given at every 
region and overall. 

Base Mid-gland Apex Overall
Histopathology PSM 4 0 6 10

NSM >1 mm 14 12 9 37

≤1 mm 
(CSM)

2 6 11 19

CLI hotspot Yes LS: 1-3 19 3 3 25

LS: 4-5 1 6 23 30

No 0 9 0 9

Agreement

CLI and PA

Excl. CSM 20% 50% 23% 31%

Incl. CSM 30% 83% 65% 59%

Agreement

CLI based on LS and PA

Excl. CSM 75% 67% 36% 59%

Incl. CSM 80% 89% 77% 82%
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General discussion and future 
perspectives
The application of specific tumour radiotracers in biomedical imaging has expanded 
in the last decade. For patients with primary prostate cancer (PCa), PET/CT imag-
ing with gallium-68 (68Ga) coupled prostate specific membrane antigen (PSMA) in 
the primary setting has progressed enormously. Besides in diagnostics, this tracer 
can nowadays also be used for PSMA-directed radio-guided prostatectomy, as was 
demonstrated in this thesis. The goal of surgery is to ensure a radical removal of 
the cancer, with minimal damage to surrounding tissues. However, positive surgical 
margins (PSM) occur in up to 40% of patient with PCa, depending on the stage 
of the cancer [1–3]. Despite contradicting literature about the correlation of PSM 
with a biochemical recurrence (BCR), the evident goal is to reduce the PSM rate 
and limit the additional treatments a patient has to undergo. Intraoperative margin 
assessment using PSMA-based Cerenkov luminescence imaging (CLI) might contrib-
ute to this goal. Therefore, the aim of the research presented in this thesis was to 
investigate the feasibility of 68Ga-PSMA-11 CLI as intraoperative margin assessment 
technology in prostate cancer surgery. 

In this chapter, the findings described in this thesis and the corresponding clinical 
consequences are discussed, both for 68Ga-PSMA-11 PET/CT and CLI. Furthermore, 
future prospects for the use of PSMA PET/CT in patients with primary PCa and re-
quirements for clinical use of CLI for margin assessment during prostatectomy are 
described. Finally, a glimpse into the future of image guided surgery with respect to 
margin assessment and the utilization of CLI in other types of cancer is given.

68Ga-PSMA-11 PET/CT for CLI optimization

In daily clinical practice, PSMA-PET/CT is a diagnostic tool for staging primary PCa 
with high sensitivity and specificity [4]. The usability of PSMA-tracers is currently 
expanding towards intraoperative margin assessment. In this respect, pre-opera-
tive information provided by the diagnostic 68Ga-PSMA-11 PET/CT may be used for 
preoperative guidance, provided that lesion accumulation profiles are stable over 
time. To address this issue, the repeatability of 68Ga-PSMA-11 uptake in a four week 
interval was investigated in Chapter 4. The study concluded that the uptake was 
repeatable within this time interval, indicating that indeed 68Ga-PSMA-11 uptake on 
pre-operative PET/CT serves as an indicator for intraoperative accumulation. 
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With intraoperative imaging, the main interest is sufficient contrast to discriminate 
primary tumour from benign tissue in the prostate. Even so, more practical issues 
such as timing of the injection and image acquisition are of importance given the 
relative short half-life of 68Ga. For 68Ga-PSMA-11 PET/CT, the European guidelines 
indicate an uptake time of 60 min (range 50-100 min) [5], in which an sufficient 
tumour-to-background contrast can be reached. However, the underlying evidence 
for this time-interval is limited [6]procedures have been developed to label PSMA 
ligands with (68, and there are publications that promote early time-point imaging 
to achieve a higher tumour-contrast [7,8]. Therefore, the uptake kinetics of 68Ga-PS-
MA-11 were assessed using dynamic PET of the pelvic area in Chapter 5. Based on 
these results, the timing of the 68Ga-PSMA-11 injection with respect to the start 
of surgery was identified. Though, the tumour-to-background ratio (TBR) increased 
over time, the TBR was already sufficient after 5 minutes for CLI. It was concluded 
that for intraoperative CLI a large time window is feasible for imaging. As timing 
in the operation room is difficult to plan in advance, the flexibility of this injection 
timing is an advantage. Nevertheless, one should keep the half-life of 68Ga (67.7 min) 
in mind when surgery is delayed for a longer time, as the decay affects the overall 
CLI signal intensity. 

The dynamic study in Chapter 5 did not solely provide information relevant for CLI 
study, but also showed an unexpected finding for 68Ga-PSMA-11 PET/CT in gen-
eral; two very distinct tumour accumulation patterns (i.e., stable and rising) were 
observed. The current hypothesis is that this distinction can be explained by dif-
ferences in tumour volume, where in large volumes (~30 cc) the uptake rises over 
60 minutes, whereas in small volumes (~3 cc) the uptake stabilizes 5 minutes post 
injection. It was hypothesized that this dependence of accumulation on tumour 
load might provide details on tumour phenotype and/or receptor density. However, 
this study was only conducted in a small group (n=5) and the current theory is not 
supported by previous literature, thus a larger study into the early dynamics of 
68Ga-PSMA-11 is warranted. 

Future perspectives for 68Ga-PSMA-11 PET/CT 

In this thesis, we did not assess the relation between tumour uptake on PET and 
CLI, since such a relationship is well described in literature [9]. Combining this imag-
ing data, it might be used for more structured and reliable identification of the PSMs 
on CLI. However, for a good correlation between the uptake on PSMA-PET/CT and 

Chapter 8 | General discussion and future perspectives Chapter 8 | General discussion and future perspectives



162

the CLI signal, reliable segmentation is imminent. At this moment in time, there is no 
consensus on a standardized methodology for tumour segmentation in PSMA-PET/
CT [10–13]. On top of that, it is challenging to segment the prostate tumour on ana-
tomical imaging, due to the lack of soft tissue contrast on CT. This specific problem 
was encountered in Chapter 4 as well, when measuring the average accumulation 
and tumour volume. Therefore, we notice that studies on accurate lesion segmenta-
tion by using deep-learning [14], and semi-automatic software tools [15] are highly 
relevant. Another option to improve segmentation is to use PET/MRI, as MRI has a 
better soft tissue contrast. In addition, these complementary techniques provide a 
high sensitivity of PET/MRI for detection of primary PCa, despite the long acquisi-
tion time and the need for scatter correction [16]. 

Ideally, future research on dynamic PET will be conducted with novel so-called total 
body PET-scanners to enable kinetic evaluation of multiple organs simultaneously 
[17,18]. Since 68Ga-PSMA-11 kinetics can be described as an irreversible two com-
partment model [19], it might be interesting to look at the added value of total body 
Patlak modelling [20]. The Ki value for example, denoting the influx rate constant, 
can be visualised as a time-weighted signal, resulting in 3D-images that are quite 
comparable to the standard SUV images [20], Figure 1. In receptor imaging, these 
kinetic evaluations provide additional information on for instance tumour receptor 
density and cellular targeting, thereby aiding tumour identification.

Intraoperative Cerenkov luminescence imaging 
Figure 1. Example of Ki and SUV imaging of a total body FDG PET/CT. Obtained from Fahrni et al. [20], 
with permission.
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With the knowledge obtained in Chapter 4 & 5 regarding the repeatability and 
tracer kinetics for 68Ga-PSMA-11, and the in vitro CLI results in Chapter 3, the 
workflow for the clinical CLI study was designed. The feasibility of this workflow 
for CLI margin assessment in prostate cancer surgery was assessed in Chapter 6. 
Based on these initial results, the acquisition protocol was further optimized for ex 
vivo usage, and the radiation exposure to staff was considered acceptable. This 
positive verdict on the technical feasibility led to a continuation of the main study 
in Chapter 7. 

Eventually, CLI margin assessment was performed in a total of 15 patients. The ac-
curacy in comparison to histopathology was assessed in all patients and the newly 
identified bioluminescence signal was characterized. We showed that CLI was able 
to accurately detect tumour lesions close to the surface (≤1mm) in 82% of the cas-
es. However, when purely considering conventional PSM, defined as tumour on ink, 
we encountered a relatively high false positive rate for CLI. This is probably caused 
by two reasons; first the depth sensitivity of CLI, and secondly, the presence of an 
additional bioluminescence signal. 

Depth sensitivity of CLI

In medicine, new techniques are generally compared to the ‘gold standard’. The main 
difficulty in prostate cancer is the specific definition of a PSM on histopathology, 
which is based on one cell layer on histopathology (tumour on ink). Being realistic, 
such an depth accuracy will be very difficult to achieve by any optical imaging tech-
nology, as was also demonstrated in Chapter 2. For CLI, the positron range of the 
used isotope determines the final depth sensitivity that can be reached. In our case, 
the positron range of 68Ga is on average 2.8 mm, which is far from ideal. One may 
argue about the histopathological definition of PSM, as some suggest that a close 
margin (tumour within 1 mm from the specimen’s border) increases the risk of BCR 
compared to a NSM [21,22]. For now, the detection of a close margin seems to be 
the maximum achievable with CLI. 

Nevertheless, CLI has advantages that even in its current form, outweigh histopa-
thology. In histopathology, the prostate is cut into sections of ~3 mm, and of every 
section one histology slide (3-5 µm thick) is assessed by the pathologist, thus caus-
ing undersampling. In contrast, CLI has the possibility to assess the entire surface 
of the prostate, and guide the pathologist towards regions at risk. Therefore, we 
expect that there are potentially valuable clinical applications for CLI [23], especial-
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ly in combination with other technologies.

Bioluminescence

Unfortunately, Chapter 7 showed that Cerenkov is not the only light that shines. 
In most patients, including those without any 68Ga-PSMA-11 injection, an intense 
signal was observed profoundly at the base of the resected prostate, even though 
no tumour was present there. This meant that this signal did not originate from 
68Ga-PSMA-11, but it was hypothesized to be diathermy induced bioluminescence. 
It was outside the scope of this thesis to determine the chemical origin and phys-
ics of this bioluminescence. The effects of for example a higher diathermy power, 
a longer duration of tissue contact and influence of tissue composition should be 
investigated in prostatic tissue to better understand the signal. Prior studies were 
mostly conducted in chicken breast tissue [24,25], without any perfusion.

Fortunately, diathermy is mainly used at the base of the prostate, which is a loca-
tion where the PSM incidence is low. Furthermore, in case a PSM does exist on the 
base of the prostate, there is almost no opportunity to resect additional tissue, as 
the base is in close contact with the bladder neck. Dissection near the bladder neck 
would result in severe functional impairments, outweighing the necessity of a radi-
cal resection. The apex and mid-prostate are less affected by diathermia and CLI in-
terpretation is therefore less likely to be influenced by this bioluminescence signal. 

Future perspectives for intraoperative margin assessment 

CLI in combination with other techniques 

A promising application might be to combine CLI with the NeuroSAFE technology 
[26–28], which is shown in Figure 2. NeuroSAFE is a perioperative histopathological 
procedure, in which the  PSM rate decreased 6.5% to 14.5% compared to the PSM-
rate in patients without NeuroSAFE [29]. However, the procedure is time consuming 
(at least 45 minutes), and only the prostate surface at the neurovascular bundles 
(NVB) is assessed. So, in the NeuroSAFE procedure the apex is not assessed, while 
that area is prone to PSMs. Prior to inking and fixation of the prostate for histopa-
thology, CLI may indicate areas at risk for PSM. The pathologist then only needs to 
assess the selected regions, thus reducing the time of the procedure. The strong 
negative predictive value of CLI has clear benefits, ensuring a high prediction for 
negative margins. If successful, nerve sparing (NS) surgery can be offered to more 
patients as the procedure becomes more efficient. Currently, only a limited number 
of patients can be selected for NS surgery in the Antoni van Leeuwenhoek, based 
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on a high preoperative erectile function, organ confined prostate cancer (<cT3), and 
tumour location not near the NVB. 

The CLI measurements performed in this thesis are only performed in an ex vivo 
setting. As a result, the surgeon has to reorient this location back in the abdominal 
cavity in order to remove additional tissue if a location is suggested to be a PSM. 
This is burdensome because retrieving the precise location can be difficult. In vivo 
CLI assessment allows for more precise mapping of the PSM locations. Next, the 
entire surgical cavity can be scanned, in order to visualize potential residual tu-
mour tissue, Figure 3. Cerenkov Luminescence Endoscopy (CLE) is already being 
performed, though not yet in prostate cancer [30–32].

Figure 2. Schematic overview of the current NeuroSAFE procedure (top) and the potential future Neu-
roSAFE procedure combined with CLI (bottom). The neurovascular bundles are inked (different colour 
for left and right), another colour as the remaining part of the prostate. From the NVB frozen section 
are obtained. These sections, from apex to bladder neck at both sides of the NVB are assessed by the 
pathologist for the presence of PSMs. In the future, CLI may find areas at risk, thus only these areas 
need to be assessed by the pathologist, thereby reducing the timespan.
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As mentioned before, the final goal of margin assessment is to reduce the number 
of PSMs, in order to eventually reduce the rate of biochemical recurrence (BCR). In 
current clinical practice, approximately 30% of all men undergoing a prostatecto-
my eventually will develop a BCR [35,36]. If margin assessment reduces the PSM 
rate, and thus also the number of patients with BCR, it might induce a benefit for 
both patient outcome and healthcare costs. However, this expectation should be 
tempered; in a recent review assessing the NeuroSAFE procedure, the reduction 
in PSM rate was not related to a better overall oncological outcome [30]. In this 
review, three studies reported on oncological outcomes with a maximum of 5 year 
follow-up [26,27,37]. These follow-up times are quite short, given that the median 
time to progression is 7 years, and about half of the patients will not present a BCR 
until 10 years after prostatectomy [38]. So, to properly assess the added value of 
CLI-alone or NeuroSAFE combined with CLI on patient outcome will require studies 
with long term follow-up. If CLI, or radio-guided surgery in general, does not provide 
an added value, the question has to be raised if the technique should be applied at 
all. The radiation exposure to the patient and the surgical staff should be kept to a 
minimum according to the principles of ALARA (as low as reasonably achievable).

Even though statements above might question the necessity of margin assessment, 
it is still acknowledged that margin assessment may be of added value for two rea-
sons. First, it can reassure surgeons and patients to know there is no PSM present. 
Furthermore, the extent of a PSM is correlated to the chance of developing a BCR 
[39,40]. Patients with a PSM with an extent >3 mm or several positive margins have 
an earlier BCR, thus qualifying for early adjuvant treatment. Whereas in case of a 

Figure 3. Potential set up for CLE, radioactivity is administered to the patient. The hotspot on the mon-
itor represents tumour in the surgical cavity, which than can be removed. Image is adapted from [33,34].
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focal (single) PSM it seems legitimate to only monitor patients [39,40]. In Chapter 7 
we also briefly looked at the correlation between the extent of the PSM on CLI and 
histopathology, with promising results. 

CLI in other types of oncological surgery

The acquired knowledge in this thesis regarding CLI during prostatectomy is gener-
ating hypotheses for the use of CLI in other types of oncological surgery. In tumour 
types that have a more favourable histopathological margin definition for CLI, the 
search for a tumour specific tracer can start. Main factors to take into account are a 
sufficient energy level to induce Cerenkov, on-site production or delivery, and half-life 
compatible with surgery. CLI using 18F-FDG is already applied in clinical research set-
ting in breast cancer [41]. Margin assessment may also have potential in oncological 
resection of head and neck cancers, with the main focus on oral cavity malignancies. 
18F-FDG is sensitive enough to detect oral carcinoma, however, lacks specificity, which 
is needed for CLI imaging. Zirconium-89 (89Zr) labelled anti-bodies [42,43] can be 
an option as well as the Cerenkov yield of 89Zr is comparable to that of 18F [44]. The 
first steps regarding the use of CLI in pulmonary and hepatic metastasectomy using 
18F-FDG and 68Ga-DOTATOC respectively, have recently been undertaken [45].

Alternatives for CLI 

Looking at alternative margin assessment tools in prostate cancer surgery, as de-
scribed in Chapter 2, one cannot ignore the potential of fluorescence technology. 
There are some important differences between CLI and fluorescence imaging. First, 
the CLI signal reduces proportionally to the radioactive decay, whereas fluorescence 
has long biological wash out periods. Secondly, only a few clinically approved fluores-
cent contrast agents are currently available, whereas CLI can use multiple approved 
radiotracers [46]. Additionally, it proved difficult for a long time to bind fluorescent 
agents to tumour targeted probes. However, recently new tumour specific probes 
have been developed, one of them being a PSMA targeted fluorescent agents [47–
49]. In the Netherlands Cancer Institute, an ongoing clinical trial (EudraCT Number: 
2019-002393-31) evaluates OTL-78, a PSMA-targeted fluorescent agent, for intraop-
erative imaging of prostate cancer. In this study, the fluorescence signal is assessed 
both on the specimen surface and within the surgical cavity. The histopathological 
definition for PSM could also be a bottleneck in fluorescence, as the depth sensitivity 
of this technology is questionable. Nonetheless, this aspect plays a less important 
role when examining the surgical cavity. 
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Conclusion 
In conclusion, this thesis describes the possible value of CLI during prostate cancer 
surgery and shows that it has potential in highlighting areas at risk of PSMs. CLI 
might have profound clinical impact in other types of oncological surgery, taking 
in consideration a proper tumour to background ratio, depth sensitivity within the 
range of the PSM definition and the ability for intraoperative use. The choice of 
radiopharmaceutical influences the CLI accuracy, regarding the penetration depth 
and signal yield. Next, the injected activity should be within an acceptable range 
regarding radiation exposure to patients and the clinical team. Finally, preoperative 
imaging gives essential information involving lesion uptake and location. As with 
every new complicated medical technology, implementation depends on teamwork 
and comes with hurdles. After a learning curve, CLI might light the path to better 
precise cancer treatment.
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Summary
The studies described in this thesis directly or indirectly focused on the applica-
bility of Cerenkov luminescence imaging (CLI) using gallium-68 prostate specific 
membrane antigen (68Ga-PSMA-11) as a tool for margin assessment during prostate 
cancer (PCa) surgery. 

Part I of this thesis is focussed on the requirements for accurate intraoperative 
margin assessment in PCa surgery. To become familiar with the different players 
in the field, we have performed a systematic review on intraoperative technolo-
gies which perform margin assessment in PCa surgery in Chapter 2. In the last 
decade, five methods were mentioned, all based on optical imaging with different 
principles to distinguish tumour from benign tissue. The common disadvantages of 
these technologies were the long acquisition time and impediment of the surgical 
conditions (i.e., use of diathermy, presence of blood), thus making it difficult to be 
applied as a fast intraoperative assessment tool. Nevertheless, most technologies 
had a good sensitivity to detect the positive surgical margins (PSMs) as compared 
to the gold standard, histopathology. Still, it remained difficult for majority of these 
technologies to be implemented in clinical practice, allowing room for improvement 
or development of alternative strategies. 

Chapter 3 demonstrated the technical performance of CLI using 68Ga in compari-
son to fluorine-18 (18F). From this in vitro study we concluded that the light yield is 
linear to the activity concentration, in which 68Ga showed a roughly 22 times higher 
light yield when compared to 18F, while using the same activity level. Subsequently, 
the minimal activity concentration of 68Ga which can be detected was lower, mean-
ing that one can either image faster or inject a lower dosage of 68Ga. The improved 
light yield of 68Ga, caused by the higher positron energy, was at the expense of the 
spatial resolution of the CLI, though still acceptable. Based on the aforementioned 
results an ex vivo clinical study using 68Ga-PSMA-11 for intraoperative margin as-
sessment was deemed feasible. 

Part II of this thesis explored whether 68Ga-PSMA-11 PET/CT in patients with prima-
ry PCa can be used to obtain additional knowledge for intraoperative CLI applica-
tion, with regard to the tumour location, uptake intensity and kinetics. In Chapter 
4 we described a prospective study on the repeatability of 68Ga-PSMA-11 PET/CT in 
patients with primary prostate cancer with a four-week interval between two scans. 
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The repeatability coefficient of the primary prostate lesion was 18% for SULpeak and 
22% for SULmax (standardized uptake value corrected for lean body mass (SUL)). This 
study showed that in some patients there were slight visual differences in lesion 
uptake on PET, none of them being clinically relevant. We concluded from this study 
that 68Ga-PSMA-11 uptake on PET/CT in primary prostate cancer is repeatable. Con-
sequently, 68Ga-PSMA-11 PET/CT can be used preoperative to select patients for 
the main CLI study, as preoperative uptake was considered a fair indicator for intra-
operative uptake. Additionally, this implied that PET/CT with 68Ga-PSMA-11 might 
potentially be used for response monitoring in the primary setting. However, the 
response criteria developed for 18F-FDG might not hold for 68Ga-PSMA-11.

In Chapter 5 dynamic PET/CT scans were performed using 68Ga-PSMA-11 to investi-
gate the timing for CLI imaging. The early dynamics proved highly repeatable, given 
the small within subject coefficient of variation. An uptake plateau was reached for 
the iliac artery and gluteal muscle 5 minutes post-injection (p.i.). In some patients 
tumour uptake reached a plateau at 5 minutes p.i., whereas in others the uptake 
kept increasing over time and did not reach a plateau up to 60 minutes p.i. The hy-
pothesis was that this difference between the uptake patterns is caused by tumour 
volume, in which in large tumours the uptake did not reach a plateau over time. 
Though not fully understood, the information might be beneficial for personalized 
dosing and radionuclide therapies in patient with low-volume tumour load. For the 
CLI study, we gained knowledge that at 5 minutes p.i. CLI imaging of the tumour is 
theoretically possible.

Part III of this thesis described the actual intraoperative use of 68Ga-PSMA-11 CLI, 
as margin assessment technology in a prospective clinical study. The initial feasi-
bility of this technique was assessed in Chapter 6. The acquisition settings of the 
technique were optimized for the intraoperative ex vivo setting. CLI was able to 
accurately detect tumour in cleaved prostate specimens. In addition, the PSMs on 
the prostate surface were correctly identified on CLI. However, CLI detected false 
positives in two patients as well, however after histopathological assessment it ap-
peared  that the tumour to the inked margin distance was only 0.1mm. With respect 
to the safety aspects of CLI, the radiation exposure to staff was within acceptable 
limits. The scrub nurse next to the patient was exposed to the highest dose (0.016 
mSv per procedure). The exposure to other staff was at least 3 times lower. In 
conclusion, the study showed that intraoperative CLI is a feasible technique. After 
this interim analysis, the main study was reported in Chapter 7. This chapter elab-
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orated on the accuracy of CLI compared to histopathology and characterizes the 
novel identified bioluminescence signal. Solely looking at the presence of a hotspot 
on CLI (yes/no), the agreement between CLI and histopathology was only 31%. 
Disagreement occurred profoundly at the base. When applying visual image inter-
pretation, by given hotspots a Likert score, the agreement improved to 59%. When 
close margins on histopathology (tumour ≤1mm from the inked surface) were also 
included as positive, the agreement was 82%. The remaining mismatch between 
CLI and histopathology was likely caused by the use of diathermy during surgery. 
Diathermy induced a bioluminescence that hampered the visualization of the PSMs. 
Though, there was no definite solution found yet to overcome this problem, there 
are still various clinically relevant applications of CLI to explore.
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Samenvatting 
De studies beschreven in dit proefschrift zijn direct of indirect verbonden aan de 
toepassing van 68Ga-PSMA-11 met ‘Cerenkov luminescence imaging’ (CLI), als me-
thode om de resectieranden te beoordelen tijdens prostaatkankerchirurgie. 

Deel I van dit proefschrift focust op de eisen die gelden voor een accurate intraope-
ratieve beoordeling van de snijranden tijdens prostaatkankerchirurgie. In Hoofdstuk 
2 is een systematische literatuurreview uitgevoerd, waarbij verschillende intraope-
ratieve technieken zijn vergeleken die de snijranden bij prostaatkanker beoordelen. 
In het afgelopen decennium is er gebruik gemaakt van vijf technieken, allemaal ge-
baseerd op optische beeldvorming, maar op basis van verschillende natuurkundi-
ge principes om de tumor van benigne weefsel te onderscheiden. De onderzochte 
technieken hebben allen een goede sensitiviteit om positieve snijranden te detec-
teren, waarbij er vergeleken werd met de gouden standaard, histopathologie. De 
gezamenlijke nadelen van deze technieken waren de relatief langere acquisitietij-
den en de beperking door de omstandigheden tijdens de operatie (o.a. gebruik di-
athermie, aanwezigheid bloed). Er is dus nog ruimte is voor verbetering, evenals de 
mogelijkheid tot ontwikkeling van alternatieve strategieën voor het intraoperatief 
beoordelen van de snijranden bij prostaatkanker. 

Hoofdstuk 3 beschrijft de technische evaluatie van CLI, waarbij het gebruik van 
gallium-68 (68Ga) werd vergeleken met fluor-18 (18F). Uit deze in vitro studie konden 
we concluderen dat de signaalopbrengst van de CLI lineair is met de activiteit-
concentratie, waarbij 68Ga ongeveer 22 keer meer lichtopbrengst heeft dan 18F bij 
dezelfde activiteitconcentratie. Ook de minimale activiteit concentratie van 68Ga 
dat nog gedetecteerd kan worden was lager, resulterend in de voordelen van een 
lagere te gebruiken hoeveelheid activiteit of het inkorten van de acquisitietijd. De 
hogere lichtopbrengst ging ten koste van de spatiële resolutie, dit als gevolg van 
de grotere positronendracht van 68Ga. Gebaseerd op de genoemde resultaten, leek 
een klinische studie naar het ex vivo gebruik van CLI met 68Ga-PSMA-11 tijdens 
prostaatkankerchirurgie haalbaar. 

Deel II van dit proefschrift onderzocht of 68Ga-PSMA-11 PET/CT bij patiënten met 
primair prostaatcarcinoom kan worden ingezet om informatie te vergaren vóór de 
intraoperatieve toepassing van CLI. In Hoofdstuk 4 hebben we, door middel van 
een prospectieve studie, gekeken naar de reproduceerbaarheid van opname patro-
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nen op twee opeenvolgende 68Ga-PSMA-11 PET/CT-scans bij patiënten met primair 
prostaatcarcinoom binnen een interval van 4 weken. De reproduceerbaarheid co-
efficiënt (RC) van de primaire laesies was 18% voor de SULpeak en 22% voor SULmax 

(‘standardized uptake value’ gecorrigeerd voor de vetvrije massa (SUL)). Deze stu-
die liet zien dat bij sommige patiënten er visuele verschillen waren aangaande de 
laesie-opname op de PET/CT, echter was dit in alle gevallen niet klinisch relevant. 
We concludeerden uit deze studie dat de opname op de 68Ga-PSMA-11 PET/CT bij 
patiënten met primair prostaatcarcinoom reproduceerbaar is. 68Ga-PSMA-11 PET/CT 
kon dus ingezet worden om patiënten te selecteren voor de CLI-studie, waarbij de 
preoperatieve opname een goede indicatie was voor de intraoperatieve opname. 
Verder zou 68Ga-PSMA-11 PET/CT gebruikt kunnen worden voor respons monitoring 
in de primaire setting. Echter te verwachten is dat de respons criteria, die ontwik-
keld zijn voor 18F-FDG, niet opgaan voor 68Ga-PSMA-11. 

In Hoofdstuk 5 waren er dynamische 68Ga-PSMA-11 PET/CT-scans geanalyseerd 
om de timing voor CLI-beeldvorming vast te stellen. De vroege dynamiek van het 
radiofarmacon bleek reproduceerbaar, aangezien er maar een kleine variatie was 
tussen opname patronen op de scans. De opname in de arterie iliaca vertoonde een 
plateau 5 minuten na injectie, evenals de musculus gluteus. Bij sommige patiënten 
liet de tumoropname na 5 minuten ook een plateau zien, in tegenstelling tot enkele 
patiënten waarbij de tumoropname bleef stijgen over een periode van 60 minuten 
na injectie. Het lijkt aannemelijk dat deze verschillen in opnamepatronen worden 
veroorzaakt door het tumorvolume, waarbij in grotere tumoren de PSMA-opname 
blijft stijgen. Hoewel het principe hierachter nog niet volledig duidelijk is, kan deze 
informatie waardevol zijn voor het personaliseren van doseringen bij radionuclide 
therapie in prostaatkanker. Met het oog op de klinische CLI-studie zijn we erachter 
gekomen dat er 5 minuten na injectie voldoende opname in de tumor was waardoor 
afbeelden met CLI theoretisch mogelijk is. 

In deel III van dit proefschrift werd het intraoperatieve gebruik van 68Ga-PSMA-11 
CLI onderzocht in een prospectieve klinische studie als modaliteit om resectieran-
den te beoordelen. De initiële haalbaarheid van deze technologie in de klinische 
praktijk werd besproken in Hoofdstuk 6. Het acquisitieprotocol werd geoptima-
liseerd voor de ex vivo situatie tijdens chirurgie. Daarnaast was het mogelijk om 
met CLI tumorweefsel te detecteren in de gekliefde prostaat. Daarbij werden ook 
positieve snijranden (tumor in de geïnkte snijrand) correct geïdentificeerd. Echter 
werden er in 2 patiënten ook foutpositieve bevindingen gedaan, waar bij nader 
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onderzoek bleek dat de afstand van de tumor tot de geïnkte rand maar 0.1mm 
bedroeg. Niet onbelangrijk: de stralingsdosis van het operatiepersoneel was accep-
tabel voor de huidige toepassing De assistent die steriel stond (dichtbij de patiënt) 
werd blootgesteld aan de hoogste dosis, 0.016 mSv per procedure. Overig aanwe-
zig personeel werd blootgesteld aan minder dan 1/3 van deze stralingsdosis. Op 
basis van de initiële analyses concludeerden we dat CLI een haalbare techniek is 
die verder gevalideerd werd. 

In Hoofdstuk 7 werd de accuratesse van de CLI belicht ten opzichte van histopa-
thologie, en daarnaast werd de eerder geobserveerde bioluminescentie gekarak-
teriseerd. Wanneer men kijkt naar het al dan niet aanwezig zijn van een signaal op 
CLI, was de overeenkomst tussen CLI en histopathologie maar 31%. Het verschil 
was het grootste aan de basale zijde van de prostaat. Wanneer visuele interpretatie 
van de CLI afbeeldingen werd toegepast door middel van het toekennen van een 
Likert score, steeg de overeenkomst naar 59%. Zodra er marges binnen 1 mm van de 
geïnkte rand werden gedefinieerd als positief, werd de overeenkomst 82%. Verschil 
tussen CLI en histopathologie wordt hoogstwaarschijnlijk veroorzaakt door het ge-
bruik van diathermie tijdens de operatie. Diathermie induceerde bioluminescentie 
die de detectie-accuratesse van positieve snijranden beperkte. Ondanks dat er is 
nog geen definitieve oplossing is gevonden voor dit probleem, zijn er klinisch rele-
vante toepassingsmogelijkheden van CLI die onderzocht kunnen worden.
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