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Tracer-cocktail injections for combined pre- and
intraoperative multimodal imaging of lymph nodes in a
spontaneous mouse prostate tumor model
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Abstract. To improve surgical guidance toward prostate draining lymph nodes, we investigate the potential of
intraoperative fluorescence imaging and combined pre- and intraoperative multimodality imaging approaches.
Transgenic adenocarcinoma mouse prostate mice with spontaneous prostate tumors are injected intratumorally
with: 1. a cocktail of patent blue (Pb) and indocyanine green (ICG); 2. a cocktail of albumin radiocolloids (**™Tc-
NanoColl), Pb, and ICG; or 3. a cocktail of radiolabeled albumin (°®™Tc-Vasculosis), Pb, and ICG. The distribution
of these imaging agents over the lymph nodes (LNs) are studied at different time points after injection. We find
that at 60-min postinjection, ICG significantly improves the detection of the LNs compared to Pb, 53 versus 7%,
respectively. Moreover, a cocktail of ICG and *™Tc-NanoColl improves the fluorescent detection rate to 86%,
equalling that of the clinically applied *™Tc-NanoColl. A similar overlap is observed in our initial clinical pilot
data. Fluorescent detection of the LNs using a ICG with ®™Tc-Vasculosis gives similar results as “free” ICG (58%;
60 min). A 9°"Tc-NanoColl, Pb, and cocktail ICG enriches the standard ?°Tc-NanoColl approach by adding
optical detection of the sentinel lymph nodes. Furthermore, this approach improves fluorescent-based guidance

and enables both accurate surgical planning and intraoperative detection, based on a single injection. ©20171 Society
of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3528027]
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1 Introduction

The presence of metastasis in tumor draining lymph nodes
(LNs) in the pelvic region is considered a strong predictor of
treatment failure in patients with prostate cancer.! Postoperative
histopathological examination of tissue samples obtained during
surgery is the “golden standard” to assess the metastatic spread.
To obtain these samples, extensive dissection of lymphatic tissue
is required. In up to 51% of procedures, this can lead to post-
operative complications such as lymphoceles, injuries to the
obturator nerve and/or the ureter, and lymphedema of the lower
extremity.>> Surgical pelvic lymphadenectomy procedures such
as extended pelvic lymphadenectomy* can be improved by re-
lying on better surgical guidance toward the tumor draining
lymphatic tract and LN(s). Ideally, an intraoperative imaging
approach enables the surgeon to visualize and excise the tumor
draining LNs accurately, which may shorten overall procedure
time and decrease complication levels.

Innovations in LN mapping have originated mainly from the
melanoma and breast cancer fields.”® At present, LN mapping in
e.g. the breast is performed with a combination of preoperative
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9mTc-labeled colloid injection and intraoperative injection of
blue dyes [e.g., patent blue (Pb)] for visible guidance.’ In the
breast, this combination method increases the detection rate
from 79.6 to 93.5% for the dye alone method and ~95% for the
colloid injection to 97.7-99.2%.10-11

For preoperative visualization, (static) lymphoscintigraphy
at 15 min and 2 h after injection of ®™Tc-labeled colloidal par-
ticles has also demonstrated its use in imaging of the tumor
draining LN in the prostate.'? In our institute, integrated single
photon emission computed tomography/computed tomography
(SPECT/CT) is also used to provide superior 3-D visualization
for surgical planning with a detection rate of 98%.'*> We were
not able to find any literature examples of blue-dye-based detec-
tion of the LN in the prostate. The intraoperative translation of
the radiocolloid procedure requires the use of a gamma probe or
camera to monitor the transit of a *™Tc-labeled colloid from the
injection site into the LN, which is then dissected for histopatho-
logical examination.'* !> Unfortunately, the site of injection may
cause a high background signal when the highly sensitive gamma
probe is placed on or near the examined pelvic LNs.

As a result of its high detection sensitivity through tissues,
near-infrared (NIR) fluorescence imaging is rapidly advancing
in medical optical imaging.'® The excitation and emission wave-
lengths in the 800-nm range have better tissue penetration than
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the reflected blue light (400 nm) of a visible dye,'” even when
much lower concentrations are used. Recently, several promis-
ing new trials have been published for breast and gastrointestinal
cancer'®!? using the NIR fluorescent dye indocynanine green
(ICG) for intraoperative fluorescence detection of LNs. Limit-
ing factors in these studies are the effective time window, which
appears to be similar to that of the visible blue dyes, and the
requirement of an additional injection next to the lymphoscinti-
graphic approach. Accumulation of dyes in the sentinel lymph
nodes (SLNs) can be achieved by using nanoparticles such as
quantum dots.’° However, the translation nature of such dyes
is limited. In a feasibility study, the United States Food and
Drug Administration (FDA) has suggested that a “cocktail” in-
jection of fluorescent and radioactive agents would be preferable
over multiple single injections.”! However, the same study that
states this FDA suggestion also revealed that a cocktail injec-
tion of ICG with *™Tc-labeled sulfur radiocolloid reduced the
fluorescence intensity by a factor of 10 and yielded poor imag-
ing results.?? Although *™Tc-labeled sulfur colloid is the most
widely used radioisotope for lymphatic mapping in the United
States, in European countries 99mTe_colloidal albumin (*°™Tc-
NanoColl) is more frequently used for identical procedures.?>?3
We have previously demonstrated in SLN imaging using a mouse
model for metastatic breast cancer (one tumor draining lymph
node) that the specificity of ICG-*™Tc-NanoColl complexes
is similar to conventional lymphoscintigraphy.>* Therefore, we
reasoned that a cocktail injection of albumin (radiocolloids) and
ICG could have potential.

Animal models are useful tools for investigation regarding
the pathogenesis of cancers and the development of new imaging
procedures.”2% One of the best characterized and widely used
mouse models of prostate cancer is the transgenic adenocarci-
noma of the mouse prostate (TRAMP) model, which develops
additional lymphatic metastasis. This tumor model provides an
ideal starting point to preclinically study combined pre-and in-
traoperative imaging procedures in prostate cancer.

The goal of this study is to improve the accuracy of intraop-
erative detection of LNs for prostate cancer. Using the TRAMP
model, we demonstrate that the combination of ICG and albumin
in a cocktail of ™ Tc-NanoColl, Pb, and ICG has great poten-
tial for combined pre- and intraoperative imaging. To further
address this potential, we also show the first results of an ongo-
ing clinical pilot study where the ICG-*™Tc-NanoColl cocktail
was used in six patients with prostate carcinoma.

2 Methods
2.1 Imaging Agents

Pb solutions were obtained as clinical-grade dye (Guerbet Lab-
oratories, Birmingham, United Kingdom). ICG (Sigma Aldrich,
Saint Louis, Missouri; preclinical) and ICG-pulsion (Pulsion
Medical Systems AG, Irving, Texas; clinical) solution was pre-
pared by dissolving 1.0 mg in 1.0-ml 1% Pb solution. For dye
injections, 10 ul of this solution [Pb (1.76 x 10~ * mmol); ICG
(1.29x10~> mmol)] was diluted in 30 ul of a 0.9% sodium
chloride solution (B. Braun, Bethlehem, Pennsylvania).
9mTc-labeled human serum albumin (°°™Tc-Vasculosis;
7 nm?>; IBA) and **™Tc-labeled colloid of human serum albumin
(®mTc-NanoColl; median particle size 14 nm?’; GE Healthcare,
Waukesha, Wisconsin) were of clinical grade and produced us-
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ing standard preparation protocols. For *™Tc-Vasculosis, this
means that to a clinical grade kit, a 2500-MBq (67.6 mCi)
pertechnetate solution (2 ml) was added and allowed to incubate
for 30 min at room temperature. For the 99mTe_NanoColl-kit,
1500-MBq (40.5 mCi) pertechnetate (2 ml) was used in combi-
nation with the same incubation procedure. The efficacy of both
labeling procedures was determined via thin-layer chromatog-
raphy using MeOH/water (85:15).

Cocktail injections were prepared by diluting 10 ul of the
Pb/ICG solution in 30 wul of the respective tracer solution
[**™Tc-Vasculosis (1.14x 10 ~®-mmol albumin; 12 MBq or 0.32
mCi) or ™Tc-NanoColl (1.11 x 10 ~7-mmol albumin; 8 MBqor
0.21 mCi)]. For the clinical procedures, cocktails were prepared
under good manufacturing process (GMP) and without the pres-
ence of Pb.

To confirm the in-situ formation of self-assembled mul-
timodal complexes,”® protein separations were performed on
the albumin particle containing cocktails in micron centrifugal
filters (Millipore, Billerica, Massachusetts) with a molecular
weight cut of 30,000 Da. Solutions were centrifuged for 8 min
at 7x10° rpm and the fluorescent content of the residue and
filtrate was determined.

2.2 Mice

Male TRAMP mice expressing the SV40 T antigen (TRAMP+)
spontaneously develop autochthonous prostate tumors follow-
ing the onset of puberty.”’ Lymphatic metastases occur at 24
to 28 weeks of age, and by the age of 28 weeks, 100% har-
bor metastatic prostate cancer in the lymph nodes or lungs.*
Previous studies describe the caudal and lumbar lymph nodes
as preferential sites for metastasis in orthotopic and genetically
engineered mouse models for prostate cancer.’!:3> As in the
TRAMP model, the lymphatic pathway from the prostate drains
via the lumbar LNs to the renal LNs. All of these LNs (see
Fig. 1) were investigated for their imaging agent content. In this
study, TRAMP+ mice between 25 and 30 weeks of age were
used. Age-matched nontransgenic (TRAMP— ) mice served as
control. All animal experiments were performed in accordance
with Dutch animal welfare regulations and approved by the local
animal ethics committee of the Netherlands Cancer Institute—
Antoni van Leeuwenhoek Hospital, Amsterdam, The Nether-
lands.

2.3 Injection Procedures

Animals were anesthetized with a mixture of hypnorm
(Vetapharma, Leeds, United Kingdom), dormicum (Roche,
Basel, Switzerland), and water [suitable for injection; 1:1:2;
5 pl/grintraperatoneal (i.p.)]. Anincision of approximately 1 cm
was made in the skin of the lower abdomen of the mice. Subse-
quently, mice were injected intratumorally [(i.t.); TRAMP+ ] or
into the prostate (TRAMP — ) with the respective imaging agents
using a 29-G needle. The injected cocktail solutions were ab-
breviated as: ICG (Pb/ICG), NC (°**™Tc-NanoColl/Pb/ICG), and
HSA (®*™Tc-Vasculosis/Pb/ICG). Tumorless mice were used as
control and abbreviated as NC control (Table 1). This was fol-
lowed by the time after injection when the LNs were dissected
(e.g., 15 min) shown in subscript in Table 1.

After injection, the injection site was massaged for 5 min
to stimulate lymphatic migration. With the exception of the
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Fig. 1 Schematic representation of a mouse with an exposed abdom-
inal cavity (in gray). Here, the five (caudal, lumbar, and renal) LNs are
depicted that potentially function as the tumor draining LNs for the
prostate tumors formed in the TRAMP mice.

animals that were sacrificed 15-min postinjection, the incision
was closed directly after the injection and massage.

2.4 Imaging Procedures

Distribution of the imaging agents to the lymph nodes was as-
sessed at different time points after injection (Table 1). These
specific time points were chosen because they enclose a wide
time window in which the pros and cons of the individual agents
can be reviewed. The shortest time interval was set at 15 min
after injection, as this is a standard time interval clinically used
for the blue dyes. A 60-min time point was used, as previous
experiments have shown that this time point is optimal for the
migration of NanoColl to the SLNs of mice.?* The 4-h time
point was added to show that the approach is also of value at
later time points.

Fluorescent and visual detection of the ICG and Pb compo-
nents was conducted alone or directly following the SPECT/CT
scan. After these imaging procedures, the LNs were dissected
using a surgical microscope (Universal S3; Zeiss, Peabody, Mas-
sachusetts). At 15- and 60-min after injection, the LNs were
evaluated visually to determine the level of blue staining. LNs
were staged as not blue (0), light blue (1), or blue (2) before
fluorescence imaging of the ICG component (see Table 2). In
each animal, the distribution of the fluorescence and radioac-
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Table 1 Different study groups and time points used for tumor drain-
ing LN imaging experiments.

Imaging time
point (min

Name Number Imaging agents after Detection

group of animals used injection) method
ICG5 n=6 Pb/ICG 15 Visual/ NIR
fluorescence
ICGgo n=6 Pb/ICG 60 Visual/NIR
fluorescence

NCgo n==6 NanoColl/Pb 60 SPECT/
/ICG visual/ NIR
fluorescence

NCypo n=6 NanoColl/Pb 240 SPECT/
/ICG visual/NIR
fluorescence

HSAgg n=06 Vasculosis/Pb 60 SPECT/
/ICG visual/ NIR
fluorescence

NCgo n==6 NanoColl/Pb 60 SPECT/
control /ICG visual/ NIR

fluorescence

tivity over the five potential tumor draining LN candidates was
studied postoperatively, and the uptake values were compared
to the increase in volume of the LNs (see Table 3).

2.5 Fluorescence Imaging

In-vivo fluorescence imaging was conducted on an IVIS
200 camera (Xenogen, Caliper Life Sciences, Hopkinton,
Massachusetts) using Living Imaging Acquisition and Anal-
ysis software (Xenogen, Caliper Life Sciences, Hopkinton,
Massachusetts). Images were acquired with standard ICG (exci-
tation 710 to 760 nm and emission 810 to 875 nm) settings after
the mice were sacrificed. For all animals, a whole body fluores-
cence scan was performed before dissection of the five involved
LNs (see Fig. 1). To decrease background levels and increase
the visibility of the LNs, the prostate and intestines were re-
moved prior to imaging. After dissection, the lymph nodes were
scanned again ex vivo and their fluorescent content was quan-
tified (photons/s/cm?) using standard Living Image Analysis
software and corrected for the background signal in that mea-
surement. Because the background signal showed some small
deviations, subtraction of the background signal sometimes led
to negative values. As only positive fluorescent signals can be
used in the experimental setup, the negative fluorescent signals
were set at the minimum of zero. Trendline-based linear regres-
sion correlations (Excel) were used to establish the correlation
between the fluorescence intensities and the radioactive count
rate findings.

2.6 Single Photon Emission Computed
Tomography/Computed Tomography

After the injection procedure, the mice were placed in
a temperature-controlled (37°C) animal holder (Equipment
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Veterinaire Minerve, Esternay, France) before performing a
SPECT/CT scan on the nano SPECT/CT (Bioscan Incorpo-
rated, Washington, D.C.), the region of interest incorporating
the whole body was selected based on a (sagital) tomographic
planning x-ray image. One sequential total body SPECT scan
of the same field of view was initialized, taking 30 min in to-
tal. Directly after the SPECT imaging sequence, a helical 3-D
CT acquisition of the animal was performed for 12 min. After
acquisition, the CT data were reconstructed with HISPECT soft-
ware (Scivis GmbH, Gottingen, Germany). The SPECT and CT
datasets were automatically coregistered. The images were ana-
lyzed using the InVivoScope postprocessing software (Bioscan,
Incorporated, Washington, D.C.).

Correlation fluorescent and radioactive
intensities (R2)
0.80
0.45
0.33
0.99
0.78
0.82

Renal L
0
2

-_ - N -
bl - . . . . .
2.7 Ex-Vivo Radioactivity Counting
After dissection, the amount of **™Tc in the individual lymph
i; nodes was determined in gamma counts per minute (cpm) us-
= &:, e e - v e ° ing a Wizard 3, 1480 automatic gamma counter (Perkin Elmer,
> *§ Waltham, Massachusetts). Specimens were counted for 120 sata
% £ 126- to 159-keV energy window, automatically including back-
3| 5 0 o — o o N~ ground signal measurements. For normalization, the individual
g § ‘g 3 3 N Q radioactive count rates (**™Tc) were measured and corrected for
9o 2 the background and radioactive decay. Correlations with the flu-
-3 5._ orescent intensity were made using the decay corrected signal
< 2 | x intensities.
= 83 |v &~ v o v o
- Q — N o [o0] ™
£ -

2.8 Clinical Study

During a clinical pilot study, a NanoColl-ICG cocktail was tested
o ¥ o o in six patients with prostate carcinoma. The criteria for inclusion
were the presence of one or more of the following characteris-
tics: clinical stage greater than T2b, or Gleason sum score greater
than 6. The cocktail solution (240 MBq; 0.4 ml) was injected
peri- and intratumorally; 0.1 ml was injected in each quadrant
of the prostate. Administration was guided by transrectal ultra-
sonograpy, and each 0.1-ml injection was followed by flushing
with approximately 0.7 ml of saline. During surgical pelvic lym-
© ©v o o phadenectomy, both the prostate and LNs were excised at about
60 min after injection. In all cases, the nodal areas of the interna
and obturator LNs were included. Intraoperative detection of
the LNs was conducted using a gamma probe. Ex-vivo exami-
S ° nation of the radioactive signal in the excised LNs was detected
using a portable gamma camera (Sentinella, Oncovision, Valen-
cia, Spain). This camera is equipped with a pinhole collimator.
Distribution of the radioactivity was evaluated by placing the
head of the gamma camera at a distance of 5 cm above each
excised specimen. Acquisition time was 1 min. Furthermore, an
overview of the radioactivity within all excised nodes was made
by placing the detector of the camera 10 cm above all excised
nodes. Fluorescence was detected ex vivo using a IVIS200 scan-
ner (see Sec. 2.3). Distribution of radioactivity was correlated to
the distribution of the fluorescence; presence of radioactivity in
each node was compared to the presence of fluorescence in the

Caudal
8
23

Renal L
0
2
2
0
10
0

Renal R
0
38

Fluorescence intensity
(Photons/s/cm2/sr * 10%; background corrected)
Lumbar L
20
45
108

17

Lumbar R
4
8
6
9
172

Caudal
5
0
0
6
82
15

Table 4 Normalized fluorescent and radioactive signal intensity and the correlation between the normalized radioactive and fluorescent signal intensities after injection of a NC cocktail in TRAMP—

% - N o ¥ v node. All patient studies were performed and conformed with
£ 2 2 2 2 2 2 protocol that was preapproved by the local patient ethics com-
c c c [ c c c . . .

= g 8 8 8 &8 8 mity of the Netherlands Cancer Institute- Antoni van Leeuwen-
b= 5 L}? 3? § § § hoek Hospital, Amsterdam, The Netherlands, and were carried
8 z zZz Z Z Z Z out after patient consent.
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Fig. 2 Imaging of the sentinel node with visible Pb and NIR fluorescent ICG. (a) Intraoperative detection of Pb in the right lumbar LN, directly
after massage of the injection site and (b) after 15 min, showing the washout of the dye during this time period. (c) Intraoperative NIR fluorescence
imaging of the lumbar LNs with “free” ICG, which was visible up to 60 min after injection. (d) The fluorescent content can be detected and quantified
in excised LNs. (e) Percentages of imaging agents containing (positive) LNs in the ICG15 and ICGgg groups. In the graphs, the percentages of the
fluorescent component in the cocktail are depicted in green and the percentages for the visible component in blue; percentages are calculated from

Table 2.

3 Results
3.1 Lymphatic Migration Studies

The lymphatic migration toward the tumor draining LNs was
studied with visible, fluorescent, and radioactive imaging agents.
Similar to a clinical situation,®' we observed that the lymphatic
migration of the imaging agents from the injection site is greatly
improved by a massage (5 min) of the injection site, whereas
almost no drainage could be detected when no massage was
applied (data not shown). This was especially important for the
15- and 60-min groups. In these groups the animals remained
anesthetized until imaging, limiting the spontaneous massage by
movement. In the 240-min groups, the animals awoke from their
initial anesthetics, and animals were able to walk around freely
in the cage (hereby also spontaneously massaging the prostate).
As lymphatic migration depends on the injection site and
may vary between individual animals, the measured signal in-
tensities (see Tables 2, 3, and 4) show some fluctuations within
the different groups. The radioactive count rates obtained with
99mTe_NanoColl tend to vary (Tables 3 and 4), which can, in
part, also be attributed to a variation in particle sizes, as a single
99mTc_NanoColl preparation consists of a wide range of parti-
cle sizes with a median of 14 nm. In different **™Tc-NanoColl
batches, however, the distribution of particle sizes may vary.

3.2 Distribution of Patent Blue/Indocyanine Creen

To create an imaging approach that would allow both visible and
NIR fluorescent detection, a cocktail of Pb and ICG was prepared
(defined as ICG- cocktail; see Table 1). The distribution of the
visual substance of the cocktail Pb was first assessed. When mas-
sage of the injection site was performed after injection, lymph
nodes stained blue and the lymphatic tract became visible. At 15-
and 60-min postinjection, the visible blue nodes stained a lower
grade of blue than observed directly after massage (the first
5-min postinjection), indicating a quick wash-out of Pb
[Figs. 2a and 2b; Table 2]. The visible blue dye could best be ob-
served in LNs in the ICG 5 group, where Pb uptake could be seen
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in at least two LNs in five of the six animals. However, only 42%
of all the excised LNs showed blue staining. After 60 min, the
detection efficacy was reduced even further to 7% [see Fig. 2e].

Within the ICG groups, all “blue” LNs were fluorescent.
Overall, the fluorescent intensities in the ICGg, group are lower
compared to those in the ICG,5 group (see Table 2). The ability
to specifically detect the LNs using the fluorescent ICG signal
also decreases in time. After 15 min, 67% of the LNs could be
detected, whereas after 60 min, this was only 53%.

Even though the initial concentration of ICG that is injected
is 14 times lower than that of Pb, fluorescence detection of ICG
enables a much longer functional imaging time period postinjec-
tion. Multiple LNs are fluorescent with a variety of intensities.
In ten out of twelve animals, the maximal fluorescence intensity
was measured in one or both of the lumbar LNs (Table 2).

3.3 Combined Single Photon Emission Computed
Tomography and Fluorescence Imaging

Radiotracer experiments (using *™Tc-NanoColl or **™Tc-
Vasculosis) were performed with cocktail solutions that also
contain Pb and ICG. Separation of the albumin from the cock-
tail with a size exclusion filter revealed that while no ICG had
passed the filter, Pb was present in the filtrate. In the presence
of a 14-fold excess of Pb, all the ICG had formed a complex
with albumin via self-assembly. Since this self-assembled bind-
ing cannot be established in a covalent manner, this complex
formation is based on noncovalent interactions caused by the
charges and lypophilic groups on ICG and albumin.>* In this
cocktail, this binding is unique to ICG, as we could not observe
any binding of Pb to the albumin (colloids). If a small amount
of binding between Pb and the albumin did occur, it was not
enough to aid in visual detection of the LNs. Hence in the cock-
tail injections, a multimodal complex is present that comprises
a radioactive (°™Tc-Vasculosis or *™Tc-NanoColl) and a flu-
orescent (ICG) component. Based on the results with the ICG
cocktails (see previous), it can be concluded that after 60 min or
more, the “free” Pb component in this NC cocktail only enables
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Fig. 3 NCqo cocktail-based imaging of the tumor draining LNs.
(a) Percentages of imaging agents containing LNs in the ICG;5 and
ICGep groups. In the graphs, the percentages of the fluorescent com-
ponent in the cocktail are depicted in green and the percentages for
the radioactive component in yellow; percentages are calculated from
Table 3. (b) Visualization of the injection accuracy via the visible
Pb component. (c) Preoperative SPECT/CT imaging via the radioac-
tive NanoColl component, depicting a.o. a lumbar and a renal LN.
(d) Intraoperative NIR fluorescence imaging of the fluorescent ICG
component animal revealing only lumbar and renal LNs. To minimize
the background signal, except for the ROI the animal was covered.

the identification of the injection accuracy (e.g., leakage of the
injected volume out of the injection site), which is not possible
with nondye containing radiopharmaceutical injections.

Preoperative SPECT/CT imaging using a dedicated small-
animal SPECT/CT system makes it possible to mimic the
standard preoperative clinical lymphoscintigraphy-based as-
sessment in mice. The NC or HSA cocktail was injected and
SPECT/CT images were made at 60- or 240-min postinjection.
Next to lymphatic migration, the injected radiopharmaceuti-
cals also showed distribution throughout the tumor and sem-
inal vesicles. In combination with the relatively small migra-
tory distances and the 1-mm SPECT resolution, the preclinical
SPECT/CT scans only allowed for the preoperative determina-
tion of uptake in the lumbar and renal LNs. Therefore, to quan-
titatively study the radioactive content in all five lymph nodes,
postoperative scintillation counting was used. This predomi-
nantly revealed the highest uptake values in either the caudal
and/or lumbar LNs (see Table 3).

Within the NCg group, the radioactive and fluorescent signal
intensities had very good correlation (Table 3); five out of six
animals gave a correlation of R? > 0.92. Nonetheless, the re-
maining animal presented a R? value of 0.76 (mouse 6). Mouse
2 within this group reported very low radioactive signals within
all LNs compared to the other animals in this group. However,
this did not have a negative influence on the correlation of the
radioactive and fluorescent signal intensities. On average, the
fluorescent intensities were higher than those with ICG alone
at 60 min. Furthermore, in four out of six animals all the LNs
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could be identified based on both their radioactive and fluores-
cent signatures. Of all the LNs in this group, 86 and 91% are
respectively fluorescent or radioactive. [see Fig. 3(a)].

To study the effective time window and provide an indication
of the stability of the cocktail approach, we also investigated the
LN uptake at 240-min postinjection (NCyqo, Table 3). Other
than in the NCgo group, only three out of six animals showed a
good correlation between the radioactive and fluorescent signal
intensities (R > 0.79). In all of the NC,4y animals, the LN
with the highest radioactive content was also fluorescent, and
in five out of six animals, all of the LNs were fluorescent and
had radioactive content (only three out of six had a radioactive
content above 10° cpm). 95% of the LNs in this group were
fluorescent and 86% were radioactive [see Fig. 3a].

Within the HSAg, group, noticeably lower average signal
intensities were measured compared to the NCgy group. Fur-
thermore, the correlation between the normalized radioactive
and fluorescent intensities in these animals was quite poor, as
only two out of six mice gave a good correlation (R> > 0.78).
In only two out of six animals, all LNs were fluorescent and
had a radioactive content (content mouse 1 was below 103 cpm)
Furthermore, only 58 and 71% of all LNs were respectively
fluorescent or radioactive. As can be seen in Fig. 3(a), the corre-
lation between the percentage of LNs that were fluorescent and
the LNs that were radioactive in the NC group was high at 60
min after injection. This correlation remained high at 240 min
after injection. Therefore, this complex can be considered stable
over the time period measured.

3.4 Preliminary Clinical Data

The concept of using the NC cocktails (no PB present) in clin-
ical procedures involving the excision of both the prostate and
the nearby LN is currently under investigation. Here we only
report on the initial ex-vivo results (n = 6) to substantiate the
translational nature of the presented preclinical data. Patients
were injected with the cocktail solution in the operating the-
ater, and the prostate and LNs were excised approximately
60 min after injection, hence mimicking the preclinical NCg
conditions. Examination of the excised tissue sections (see LNs
in Fig. 4) demonstrates the overlap between the fluorescent and
radioactive signals. All fluorescent LNs contained radioactivity
and vice versa. Although this is preliminary data, the results
indicate that the approach is also of value in patients.

4 Discussion

In the clinic it is important to identify the first LN or group of
LNs reached by metastasizing cancer cells via lymph flow. As
it has been shown that lymph flow increases in tumor-bearing
animals,® our experiments were conducted in TRAMP+ mice
that develop spontaneous tumors in the prostate accompanied
by metastatic spread.’?Although in the TRAMP model, the
prostate-dependent drainage pathways resemble the clinical sit-
uation, the lymphatic drainage pattern differs slightly from that
seen in patients. Lymphatic drainage logically occurs via the
caudal and lumbar LNs to the renal LNs, and can occur via LN
in either the left or right drainage path. Hence the described
approach also appears to be able to visualize secondary LNs.
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Fig. 4 Ex-vivo analysis of excised LNs. LNs situated in the extended pelvic lymphadenectomy area (LN 1 through 4) were excised during a laproscopic
procedure, approximately 60 min after the cocktail solution was injected into the prostate. Ex-vivo evaluation of the excised tissue using a gamma
camera (a) showed a radioactive signal in two of the four excised nodes. Fluorescent imaging (b) resulted in visualization of a fluorescent signal in

the same nodes where the radioactive signal could be detected.

Histological evaluation of lymphatic tissue after surgical
pelvic lymphadenectomy procedures is acknowledged as the
gold standard in the assessment of lymph node metastasis in the
field of prostate cancer. To simplify the excision of these LN,
accurate surgical guidance is crucial. Unfortunately, very little
intraoperative imaging techniques are reported for this cancer
type, and techniques for multimodal pre- and intraoperative vi-
sualization of the tumor draining LN are lacking. The TRAMP
model for metastatic prostate cancer serves as a good mouse
model for the development and validation of new (intraopera-
tive) lymph node imaging procedures based on cocktail injec-
tions of Pb, ICG, ™Tc-Vasculosis, and /or 2™ Tc-NanoColl.

4.1 Visual (Patent Blue) Versus Fluorescence
(Indocyanine Green) Detection

Pb and ICG show chemical similarities; both contain aromatic
units with a cationic nitrogen atom and two anionic groups
for water solubility. As a result, a similar lymphatic migration
and thus a similar effective time window were foreseen. Unex-
pectedly, no direct correlation could be observed between the
detection of Pb and ICG (see Table 2). Visible blue dye guided
dissection would, in the ICGs group, only result in the removal
of 42% of all LNs of interest, while via fluorescent detection, this
percentage improves to 67%. Moreover, at 60 min after injec-
tion, the fluorescent dye still enables visualization of 53% of the
LNs compared to only 7% with Pb. Since both imaging agents
are injected as a cocktail, an explanation for the differences
in identification of LNs could be the higher detection sensitiv-
ity obtained with the NIR dye ICG. This improved sensitivity
is especially interesting, considering that the Pb/ICG cocktails
contain Pb in a 14-fold excess with respect to ICG. As a result
of the poor visualization rate, Pb was eliminated from the clin-
ical cocktail, as surgery was initiated at approximately 60-min
postinjection. At this time, it was not expected that Pb would
positively effect the detection rate intraoperatively. It must be
noted that the validation of the accuracy of the injection could
therefore not be done visually.
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4.2 Diagnostic Value of Radioactive
Albumin(Colloid) Containing Cocktail Injections

Preoperative SPECT/CT with radiocolloids is a reliable method
to detect the tumor draining LNs of the prostate, and by do-
ing so it helps plan the surgical procedure and reduces operat-
ing time.3® With NC and HSA cocktail injections, the radioac-
tive component can be used for surgical planning (preoperative
SPECT/CT). The other two components complement this clin-
ically proven technique by adding the possibility to: 1. validate
the accuracy of the injection site using the Pb component, and
2. guide the surgical procedure by intraoperative NIR fluores-
cence imaging (Fig. 3). As a result, the cocktail approach com-
bines the advantages of three different detection procedures in
one injection.

Lymphatic migration studies using differently sized imaging
agents have led to questions regarding the optimal particle size
for optimal migration in the lymphatic tract. Fujil, Kitagawa,
and Kumbo®’ showed that molecules with a hydrodynamic di-
ameter less than approximately 10 nm (namely Pb, ICG, and
99mTc_Vasculosis) have the potential to travel beyond the tumor
draining LN, while larger molecules <100 nm diam (namely
99mTc-NanoColl) are retained in the tumor draining LN. Fur-
thermore, Faries et al.*® demonstrated that albumin colloids are
actively accumulated by macrophages in the LNs. Indeed, we
find that at 60- and 240-min postinjection, the radioactive count
rates obtained with the albumin colloids (**™Tc-NanoColl) on
average are higher than those obtained with single albumin par-
ticles (*™Tc-Vasculosis; see values Table 3).

Crucial for combined pre- and intraoperative visualization of
the multimodal nature of the approach is the ability to identify
all LNs based on both their radioactive and fluorescent contents.
Not only is there a high correlation between the fluorescent
signal intensities and radioactive count rates in the NC groups
(Tables 3 and 4), both modalities also show highly similar per-
centages of detected LNs, 86 and 95%, respectively [Fig. 3a].
The latter underlines the high sensitivity of the radiocolloid ap-
proach. The overall fluorescent intensities in the NCg( group are
highly similar to those obtained with “free” ICG at 60 min (see
Tables 2, 3, and 4), suggesting that the interaction with albumin
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does not have a negative influence on the fluorescent emission.
Moreover, the ability to detect the LNs via fluorescence imag-
ing in the NCg group increases by 33% compared to that with
“free” ICG. The multimodal HSA cocktail, on the other hand,
does not give an improvement in fluorescence detection of LNs
compared to the “free” ICG at 60-min postinjection, respectively
58 and 53% [see Figs. 2e and 3a]. Combined, the high similar-
ity in fluorescence distribution and the low correlation between
fluorescent signal intensities and radioactive count rates found
for the HSA cocktail suggest that the complex stability in the
latter is lower than in the NC cocktails.

While all animals in the NCgy group have a correlation
>(.76, only three animals in the HSAgy group give such a
correlation. Based on the molar ratios used in the cocktails, the
ICG: *®™Tc-Vasculosis (HSA) ratio is much lower than with NC.
Clearly, the multimodal nature of the noncovalent complexes
that formed ?*™Tc-NanoColl is less influenced by dissociation
of ICG compared to the complexes formed with HSA (see
Table 3). At a later time point (NCy49) dissociation of ICG from
99mTe_NanoColl also becomes detectable; only three animals
give a correlation >0.79. In the NCyq4p group, LNs are also
present that are fluorescent but not radioactive (see Table 3).
This indicates that in these instances, ICG dissociates from
99mTc-NanoColl and is separately distributed over the LNs.

Even though the fluorescent and radioactive signals for NCy49
and HS A¢ are not all correlated at the quantitative level, it is still
possible to also see the radioactive LNs via NIR fluorescence
imaging procedures. As long as some of the ICG remains bound
to the radioactive albumin particles, the LNs can be detected via
fluorescence imaging. In these instances, the self-assembled sys-
tems can still help guide the surgical resection via intraoperative
NIR imaging.

With the NCgp control group, a slightly lower correlation
between the fluorescent and radioactive signal was found in
TRAMP animals that were injected in the prostate (see Table 3).
It seems that the self-assembled complexes are less stable after
injection in the highly vascularised prostate. This agrees with
our findings (data not shown) that these self-assembled systems
are not stable in the blood stream after intravenous injection.
The efficacy of the self-assembled complexes in intratumoral
injections, however, is an indication that the physiology in the
tumor is favorable for complex stability. Combined, this sug-
gests that the physiological conditions of the injection site are
of influence on the stability of the noncovalent self-assembled
complexes. Nevertheless, it warrants their use in intratumoral
injections and lymphatic migration studies.

4.3 Clinical Applicability

Because the local Netherlands Cancer Institute ethical commit-
tee also acknowledges that a single cocktail injection of fluores-
cent and radioactive agents would be preferable over multiple
injections (see Sec. 1), the use of ICG and 99mTe_NanoColl con-
taining cocktail injections was approved in a clinical pilot study.
Different, of course, from the United States, is the local use of
albumin radiocolloids, rather than sulphur radiocolloids.2 We
have shown that this combination yields the in-sifu formation
of a noncovalent complex comprising two clinically approved
imaging agents. Hence, different from what was found with
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sulphur radioacolloids, here a cocktail injection provides clear
added value over “free” ICG alone.

At this point, we only have shown ex-vivo validation data
to demonstrate the excellent correlation between the radioactive
and fluorescent signal in a select amount of patients. Further
studies will be conducted using an intraoperative fluorescence
camera, allowing intraoperative visualization of the nodes dur-
ing the surgical procedure. The preliminary clinical data are
promising and substantiate the potential the approach might have
in a clinical application. Currently, we are further investigating
the clinical value of this approach. The presented preclinical
data/knowhow acts as guideline.

5 Conclusions

On top of conventional preoperative SPECT/CT guidance, LN
imaging with a cocktail solution of Pb, ICG, and 99mTe_
NanoColl gives additional visual information regarding the ac-
curacy of the injection (Pb), and provides the possibility of opti-
cal fluorescence guidance during the surgical procedure (ICG).
Due to the self-assembly of ICG and *™Tc-NanoColl, a multi-
modal complex is generated that enables both pre- and intraop-
erative detection of the LNs up to 240-min postinjection. This
approach is currently used in clinical trails, where to what ex-
tent the cocktail approach adds an extra dimension to the already
applied radiocolloid procedure is being investigated.
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