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Abstract

Background: Integration of molecular imaging and in particular intraoperative image guid-

ance is expected to improve the surgical accuracy of laparoscopic lymph node (LN) dissection.

Objective: To show the applicability of combining preoperative, intraoperative, and postop-

erative sentinel node imaging using an integrated diagnostic approach based on an imaging

agent that is both radioactive and fluorescent.

Design, setting, and participants: Before surgery, multimodal indocyanine green (ICG)-99mTc-

NanoColl was injected into the prostate. Subsequent lymphoscintigraphy and single-photon

emission computed tomography/computed tomography (SPECT/CT) imaging of pelvic nodes

was performed to determine the location of the sentinel lymph nodes (SLNs) preoperatively.

During the surgical procedure a fluorescence laparoscope, optimized for detection in the near

infrared range, was used to visualize the nodes identified on SPECT/CT. Eleven patients

scheduled for robot-assisted laparoscopic prostatectomy (RALP) with an increased risk of

nodal metastasis, based on Memorial Sloan-Kettering Cancer Center/Kattan nomogram

estimation, participated in a pilot assessment (N09IGF).

Surgical procedure: Patients underwent RALP with LN dissection for prostate cancer.

Measurements: Radioactive and fluorescent signals were monitored using different modali-

ties, and the correlation between the two types of signals was studied. The location of

preoperatively detected SLNs was documented.

Results and limitations: Preoperatively, SLNs were identified by SPECT/CT, and the multi-

modal nature of the imaging agent also enabled intraoperative detection via fluorescence

imaging. Fluorescence particularly improved surgical guidance in areas with a high radioac-

tive background signal such as the injection site. Ex vivo analysis revealed a strong correlation

between the radioactive and fluorescent content in the excised LNs. Fluorescence detection is

limited by the severe tissue attenuation of the signal. Therefore, radio guidance to the areas of

interest is still desirable.

Conclusions: Initial data indicate that multimodal ICG-99mTc-NanoColloid, in combination

with a laparoscopic fluorescence laparoscope, can be used to facilitate and optimize dissection
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1. Introduction

Functional (optical) imaging holds great promise to

supplement surgeons’ eyes and improve surgical outcome

[1,2]. One very practical clinical application where imaging

can help guide the surgical intervention is the identification

of lymph nodes (LNs) draining directly from the tumor

(sentinel lymph nodes [SLNs]). Functional imaging of SLNs

depends on lymphatic migration and nodal accumulation of

the imaging agents [3,4]. Such imaging agents can be

relatively simple in design, improving their translational

character. For this reason SLN imaging can act as the first

clinical precedent for the introduction of new surgical

guidance technologies.

The identification of SLNs is common practice in breast

cancer and melanoma, for example [5,6]. Although the role

of SLN dissection in prostate cancer is still under debate,

sentinel lymphadenectomy has been shown to be accurate

for LN staging [7,8]. SLNs outside the area of extended pelvic

[()TD$FIG]

Fig. 1 – Protocol setup. (A) In situ formation of the multimodal radiocolloid th
Transrectal ultrasound-guided intraprostatic injection of the indocyanine (ICG
computed tomography/computed tomography (SPECT-CT) (arrows indicate sen
near infrared (NIR)-laparoscopic D-light angio NIR fluorescence imaging system
using the system’s Tile/Pro function were used to simultaneously depict the th
image in blue (blue arrow; II). White circles highlight the fluorescent area.
lymphadenectomy have also been described, underlining

the need to document lymphatic drainage pathways for

each patient [9]. We reasoned that a more accurate removal

of prostate cancer– associated SLNs would help identify the

value of nodal resection in prostate cancer patients and

might provide better staging. Preoperative single-photon

emission computed tomography/computed tomography

(SPECT/CT) imaging provides useful anatomic information

regarding the location of the SLNs and allows for the

identification of SLNs that lie beyond the standard

dissection margins [10]. In addition to their diagnostic

purposes, these preoperative images can act as a (rough)

guide during surgery.

Prostatectomy for cancer has shifted from the open

approach toward less invasive laparoscopic and robot-

assisted techniques [11]. Although advances in surgical

instrumentation have been made, fluorescence-guided

(robotic) surgery is still in its infancy. The next step in

the technical evolution of surgical interventions is the
at contains both a radioactive and a fluorescent component. (B) (1)
)-99mTc-NanoColloid tracer; (2) preoperative single-photon emission
tinel lymph nodes [SLNs]); and (3) intraoperative SLN detection using a
(screen I fluorescence depicted in green). The da Vinci S surgical goggles

ree-dimensional surgical field and the intraoperative NIR-laparoscopic
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integration of optical imaging modalities that specifically

visualize the areas of interest. Most clinical studies regarding

optical surgical guidance to the SLNs have focused on the use

of a fluorescent imaging agent, for example, indocyanine

green (ICG) [12,13]. However, this rapidly migrating imaging

agent has to be administered intraoperatively, and its

pharmacokinetics and biodistribution cannot be monitored

accurately. To circumvent these problems, we developed a

hybrid multimodal radiocolloid (ICG-99mTc-NanoColl;

Fig. 1A) that is both radioactive and fluorescent. The principal

advantage of this multimodal tracer is that in addition to its

optical properties, it retains the well-established functional

properties of 99mTc-NanoColl, including accumulation in the

SLNs [14,15].

Here we present the first human studies of an integrated

method that enables preoperative planning of the SLN

procedure and allows for intraoperative visualization of the

SLNs. For this study we used a hybrid radiocolloid that is

detectable by gamma camera, SPECT/CT, and near infrared

(NIR) fluorescence imaging.

2. Methods and patients

This pilot study applied the concept of a novel multimodal radiocolloid

that can be integrated into clinical logistics based on radiocolloids (Fig. 1).

The protocol (N09IGF, NL28143.031.09) was approved by the local ethics

committee of the Netherlands Cancer Institute-Antoni van Leeuwenhoek

Hospital. Between June 2010 and January 2011, 11 patients with prostate

carcinoma scheduled for robot-assisted laparoscopic prostatectomy

(RALP) with an increased risk of nodal metastasis, based on Memorial
Table 1 – Patient characteristics in the pilot analysis and ex vivo correla
excised nodes

Age,
yr

Preoperative
PSA (ng/ml)

Prostate
size (cm3)

cT
pT

cN
pN

cM c
p

1 60 16.3 41 cT2b cN0 cMx

pT3a pN0

2 64 8.4 78 cT2c cN0 cMx

pT2c pN0

3 67 12.2 46 cT2b cN0 cMx

pT3a pN0

4 63 16 26 cT2b cN0 cM0

pT2c pN0

5 50 4.3 40 cT2b cNx cMx

pT2c pN0

6 74 9.8 47 cT2a cN0 cM0

pT3a pN0

7 63 27 40 cT2b cN0 cM0

pT3a pN1 1

8 62 24 77 cT2c cN0 cM0

pT3a pN0

9 63 17 35 cT2c cN0 cM0

pT2c pN0

10$ 58 5.1 22 cT3b cN0 cMx

pN1

11 62 7.9 23 cT2c cN0 cMx

pT2c pN0

PSA = prostate-specific antigen; G = Gleason sum score; c = clinical values; p = pa

R2 = the ex vivo correlation between the fluorescent and radioactive signal inten
* One large piece of excised tissue in which the LN was fully surrounded by a th

not be accurately detected in this specimen.
$ This patient did not undergo prostatectomy, and due to a lack of lymphatic dra
§ Metastases had a tumor size of 0.15 mm and 0.02 mm.
Sloan-Kettering Cancer Center/Kattan nomogram estimation, participated

in the pilot assessment. The criteria for inclusion were the presence of one

or more of the following characteristics: clinical stage >T2b, prostate

serum antigen level >10.0 ng/ml, or Gleason sum score >6. Table 1 lists

the patient characteristics. The surgical intervention was performed using

the da Vinci S robotic system (Intuitive Surgical, USA). During the surgical

procedure, both the prostate and SLNs were excised. In addition, in all

cases, the nodal areas of the internal, obturator, and external LNs were

dissected (retroperitoneal lymph node dissection [RPLND]). LNs proximal

to the ureter vessel crossing were only removed when SLNs were detected

in this area. All patient studies were performed conform to protocol after

written patient consents were obtained.

2.1. Tracer preparation

99mTc-NanoColl was prepared by adding 1 ml pertechnetate (approxi-

mately 700 MBq) in saline to a vial containing NanoColl (GE Healthcare,

the Netherlands). After 30 min of incubation at room temperature,
99mTc-NanoColl formed after the solution was exposed to air via a needle

to get rid of any excess reactive elements. ICG-PULSION (Pulsion Medical

Systems, Germany) was prepared by dissolving 25 mg of solid ICG in

5 ml of water (suitable for injection).

The ICG-99mTc-NanoColl injections were prepared by adding

0.050 ml (0.250 mg ICG) of the ICG-PULSION solution to the 1-ml

solution of 99mTc-Nanocoll. The multimodal radiocolloid then formed in

situ as reported previously (Fig. 1A) [14–16]. All procedures were

performed under good manufactoring practice -z (GMP-z) and kern

energie wet (KEW) and with the approval of the local pharmacist.

For diagnostic purposes, ICG can be used intravenously with a dose

up to 25 mg/kg; we only used a dose of 0.25 mg for local administration.

The 99mTc-NanoColl was used in a dose (0.5 mg albumin per milliliter of

solution) commonly used for SLN imaging of the prostate in our

institution [10] without adverse effects.
tion between the radioactive and fluorescent signal intensities in the

G
G

cG1
pG1

cG2
pG2

SLNs LNs
removed

SLNs with
tumor

R2

7 3 4 3 8 0 0.97

7 3 4

7 3 4 0 11 0 0.79/0.97*$

6 3 3

7 3 4 2 11 0 0.91

8 3 5

7 3 4 2 13 0 0.98

9 4 5

6 3 3 3 9 0 0.81

7 4 3

7 3 4 4 10 0 0.99

7 3 4

8 5 3 2 6 1 0.91

0 5 5

6 3 3 3 16 0 0.71*

6 3 3

7 3 4 2 12 0 0.64/0.99*

7 3 4

7 4 3 3 4 2§ 0.95

7 3 4 3 12 0 0.80

7 3 3

thologic values, respectively; SLN = sentinel lymph node; LN = lymph node;

sities.

ick layer of tissue was omitted in the correlation; the fluorescent signal could

inage, no SLN was detected.
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2.2. Tracer administration and imaging

The patients (n = 11) were injected in the peripheral zone of the prostate

[8] under antibiotic prophylaxis, with ICG-99mTc-NanoColl (approxi-

mately 280 MBq; 0.4 ml) 3 h before surgery. The ICG-99mTc-NanoColl

tracer was injected under transrectal ultrasound guidance (Hitachi,

Japan) in both lobes of the prostate; each injection was followed by

flushing of the needle and tubing with approximately 0.7 ml of saline. A

portable gamma camera equipped with a pinhole collimator (Sentinella,

OncoVision, Spain) was used to confirm adequate concentration of the

tracer in the prostate using its radioactive 99mTc label. Static planar

gamma camera images were acquired at 15 min and 2 h postinjection.

These were used to distinguish between sentinel nodes and second

echelon nodes as well as to identify unexpected drainage patterns.

SPECT/CT (Siemens, Germany) was performed directly after planar

imaging at 2 h postinjection. Sentinel nodes were anatomically localized

after image fusion. The first node in each nodal basin appearing on early

planar imaging was considered the sentinel node. LNs appearing later in

the same basin were considered higher echelon nodes. SPECT/CT images

were displayed in the operating room to guide laparoscopic detection

during RALP.
[()TD$FIG]

Fig. 2 – Ex vivo analysis. (A) Comparison of indocyanine (ICG)-99mTc-NanoCollo
radioactive signal is detected using the Sentinella gamma camera, and the fluor
Fluorescence imaging of the mega-blocks prepared from the excised prostate (
NanoColloid throughout the prostate (measured 3 months after the surgical in
accumulation in embedded (S)LNs 3 mo after the procedure.
2.3. Surgical technique

After removal of the prostate and ex vivo confirmation of the ICG-99mTc-

NanoColl presence in the prostate, the SLNs preoperatively localized by

SPECT/CT were dissected guided by a laparoscopic gamma probe

(Europrobe, London, UK) and the Karl Storz fluorescence laparoscope

(Karl Storz, Germany). Both systems were handled by the surgical

assistant. In the fluorescence imaging system, 760-nm light, emitted by an

internal light source, is guided through a special fluid light cable to a

30 degrees infrared-optimized rigid laparoscope containing an optical

filter system. The image was recorded using a charge-coupled device

camera. Intraoperative gamma tracing and NIR fluorescence imaging was

performed through two 12-mm laparoscopy ports positioned 5 cm lateral

to the umbilicus or 2 cm medial from the anterior iliac spine. These are

the routinely used assistant ports during RALP and did not interfere with

the robotic arms. The fluorescence detection was based on integrated

white light and NIR imaging (Fig. 1b3). Via an additional screen attached to

the laparoscope, the fluorescent signal was also depicted in green due to a

change in the RGB output (Fig. 1b3,I). The laparoscopic image was also

projected into the surgeon’s goggles (fluorescence in blue) of the da Vinci S

using the system’s Tile/Pro function (Fig. 1b3, II) during NIR imaging.
id signals in an excised tissue specimen that contains lymph nodes. The
escent emission was detected using the IVIS 200 fluorescence imager. (B)
order: I–IV) depicts the injection site and the distribution of ICG-99mTc-
tervention). (C) Fluorescence analysis also allows detection of the tracer
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Fig. 3 – Schematic representation of the excised sentinel lymph nodes
(SLNs) based on the preoperative single-photon emission computed
tomography/computed tomography (SPECT/CT) images, which acts as the
gold standard in this scheme, and the modalities with which they could
be accurately identified during the surgical procedure. The red circles
represent SLNs that contained metastases. The blue dotted lines
encompass the extended lymph node (LN) dissection field. Note: The
inability to detect some of the SLNs in real time using either the near
infrared–optimized laparoscope or the gamma probe is a technical
limitation related to the emission type and the modality used because
the high R2 values in Table 1 prove the fluorescent/radioactive signal
intensity in all 112 LNs correlates very well.
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2.4. Ex vivo specimen analysis

Ex vivo examination of the radioactive signal in the excised LNs was

performed using a portable gamma camera (Sentinella, Oncovision,

Spain; Fig. 2A). The radioactive content of the excised tissue was

evaluated by placing the head of the gamma camera at a standardized

distance of 10 cm above each excised specimen. Radioactive counts were

measured using an acquisition time of 1 min. Signal intensities were

quantified using Sentinella Suite (Oncovision) software. Fluorescence

signal intensities were measured using an IVIS 200 camera (Xenogen

Corp, San Francisco, CA, USA; Fig. 2A). Images were acquired with

standard ICG (excitation 710–760 nm and emission 810–875 nm) filter

settings. Measured intensities (photons/s/cm2/sr) were quantified using

Living Imaging Acquisition and Analysis software (Xenogen Corp, San

Francisco, CA, USA). Trendline-based linear regression correlations

(determined using Excel) were used to study the correlation between

the radioactive and fluorescent signal intensities per patient (Table 1).

Fluorescence imaging of paraffin-embedded material was used to

visualize the location of the tracer injection and its distribution

throughout the prostate (Fig. 2B). Lymphoid tissue specimens were

analyzed in a similar manner to evaluate their fluorescent content and

the location of the imaging agent in the LNs (Fig. 2C). Unfortunately, our

IVIS scanner was not capable of visualizing this distribution on

microscale. Trendline-based linear regression correlations (Excel) were

used to establish the correlation between the fluorescence intensities

and the radioactive count rate findings [16].

3. Results

We have previously shown that using the self-assembled

ICG-99mTc-NanoColl tracer, the lymphatic migration of ICG

is positively influenced by the carrier molecule 99mTc-

NanoColl [14–16]. This results in a gradual and specific

migration of the tracer from the primary injection site into

the draining lymph nodes of the prostate (Fig. 1B; detect-

able for at least 3–6 h). At 15 min after injection, SLNs were

visualized in 55% of the patients. This visualization rate

increased to 91% after 2 h. Similar to what has previously

reported by Jeschke et al. [17] and Vermeeren et al. [10], it

was not possible to detect a SLN in all patients. A total of 27

SLNs were preoperatively detected by SPECT/CT (Table 1); a

median number of 2 SLNs (range: 0–4) per patient was

found. Important to note is that the preoperative SLN

detection method was not influenced by the presence of

nodal tumor involvement because in 2 of 11 patients nodal

metastases were found (three nodes in total; Table 1), and

tumors containing SLNs were not highlighted by the

procedure.

During the surgical procedure the SLNs were identified

in real time using a combination of a gamma probe and a

NIR-optimized fluorescence laparoscope. In the prostatic

fossa the background 99mTc signal from the injection site

prevented accurate gamma probe–based navigation to the

preoperatively SPECT/CT-defined SLNs. In these cases,

however, SLNs could be identified via NIR laparoscopy.

In areas where a 99mTc background signal was less

prominent, the fluorescent signal provided guidance

during the last centimeter/millimeter of the SLN identifi-

cation process. The fluorescent signal output of the NIR-

optimized fluorescence laparoscope was presented in both

blue and green (Fig. 1B). For proper detection of the
fluorescent signal, it was required to dim the white-light

intensity of the da Vinci system. Generally, overlying tissue

(eg, fat, vessels, etc.) obscured the fluorescent image and

had to be removed before visualization. One of the 27

preoperatively detected nodes was only detected on

SPECT/CT and could not be identified during surgery using

either the gamma probe or NIR-optimized laparoscope

(Fig. 3). Four of 27 SLNs (15%) could not be detected

intraoperatively using the fluorescence laparoscope

(Fig. 3). In these cases the LNs were completely embedded

in tissue/fat, resulting in a significant attenuation of the

fluorescent signal. Overall, no background staining of

‘‘free’’ ICG was observed.



E U R O P E A N U R O L O G Y 6 0 ( 2 0 1 1 ) 8 2 6 – 8 3 3 831
Ex vivo gamma and fluorescence imaging of the

dissected nodes (Fig. 2A) showed a high signal intensity

correlation for all the individual patient samples (R2 �0.71;

total 112 LNs investigated; Table 1). This underlines that all

radioactive nodes were indeed fluorescent and to a similar

extent. Consequently, visualization difficulties encountered

during the surgical procedure (Fig. 3) are not related to the

hybrid imaging agent and its migration.

As expected, the improved spatial resolution of fluores-

cence imaging allows the visualization of the exact location

of the ICG-99mTc-NanoColl tracer, and as such the (superfi-

cial) nodes within the resected tissue specimens (Fig. 2A).

Figure 2 also illustrates that ex vivo fluorescence imaging

can provide pathologic guidance toward the SLNs embed-

ded in the excised tissue specimens. Three months after the

decay of the radioactive signal, the fluorescent signal could

still be detected in embedded specimens of the prostate

(location of the primary tracer deposits) and lymph nodes

(Fig. 2B and 2C).

Finally, the anatomic locations of the by SPECT/CT,

intraoperative gamma probe, and/or intraoperative fluo-

rescence imaging identified SLNs were documented (Fig. 3).

Five of 27 removed SLNs were located outside the extended

dissection field (obturator fossa plus internal iliac plus

bifurcation iliac vessels plus common iliac vessels; Fig. 3)

[18] and would normally have been missed. In 36% of the

patients we found SLNs outside of the extended dissection

field, and in two patients these SLNs contained nodal

metastases.

4. Discussion

The integrated surgical guidance concept we present here

is based on a hybrid imaging tracer (ICG-99mTc-NanoColl)

that allows for both surgical planning via three-dimen-

sional SPECT/CT and real-time fluorescence-based surgical

guidance (Fig. 1B). The radioactive antenna (99mTc) was

used for preoperative imaging and intraoperative guid-

ance to the region of interest. The fluorescent antenna

(ICG) is used for improved intraoperative identification of

the SLNs.

Migration of ICG-99mTc-NanoColl from the injection site

was comparable with the migration pattern previously

established for 99mTc-NanoColl, the most frequently used

radiocolloid in Europe for SLN procedures in the prostate

[8]. This underlines that ICG-99mTc-NanoColl retains the

functional properties of the original radiocolloid and depicts

the uptake in macrophages of the SLN [4]. This behavior is

different from blue dyes and ‘‘free’’ ICG, which are rapidly

clearing lymphatic perfusion markers. We have previously

also shown that NanoColl-based procedures are superior to

those based on ‘‘free’’ ICG or ICG bound to (radiolabeled)

human serum albumin [16]. In the described procedure any

‘‘free’’ ICG present during injection will thus already have

cleared at the time of dissection.

The radioactive component in ICG-99mTc-NanoColl

enables accurate preoperative assessment of the pharma-

cokinetics and distribution via lymphoscintigraphy and

SPECT/CT. The anatomic information provided by the latter
was shown to improve the SLN detection accuracy up to 98%

[10]. During the surgical procedure the SPECT/CT image

provides guidance toward the area of the SLN, but the

spatial orientation is often related to large anatomic

structures such as vessels and bone. Movement of internal

anatomy of the patient during the surgical procedure limits

the accuracy of sole SPECT/CT-based navigation. Real-time

gamma probe detection allows acoustic tracing of the SLN

location. This technique, however, suffers from background

signals from the injection site (eg, prostatic fossa) and

collimator issues that hamper depth perception. The use of

ICG-99mTc-NanoColl enables us to integrate the advantages

of optical fluorescence guidance in these procedures. We

found that fluorescence imaging enabled intraoperative

identification of the SLNs in the areas where acoustic

gamma tracing is inefficient (Fig. 3). In the other areas

fluorescence helped identify the exact location of the SLNs

with a higher precision.

One of the limitations of fluorescence imaging is the

limited tissue penetration of the fluorescent signal,

especially through fat and blood. In our study this prevented

real-time detection of 15% of the SLNs; only fully exposed

nodes could be detected accurately. This limitation of

fluorescence imaging also underlines that fluorescence

guidance benefits from additional guidance (of the laparo-

scope) to the regions of interest. Such guidance can be

provided by the radioactive component in multimodal

imaging agents like ICG-99mTc-NanoColl. The next challenge

is to investigate if SPECT/CT-based image navigation may

help improve the guidance of the tip of the laparoscope to

the SLNs [19].

Most clinically used cameras for intraoperative fluores-

cence guidance are designed for open surgery, for example,

photodynamic eye (Hamamatsu Photonics, Hamamatsu

City, Japan), the self-built fluorescence-assisted resection

and exploration-system [20], and the light-absorption

corrected (multispectral) real-time surgical guidance

system [21]. Due to the less invasive character of

laparoscopic surgery, there is also a clear need to translate

the fluorescence guidance technology to laparoscopic

surgery. This translation was facilitated by the D-light

NIR-optimized fluorescence laparoscope provided by Karl

Storz. We found that integration of this laparoscope into

the RALP procedures was feasible. The laparoscope could be

inserted through one of the existing access ports, and the

readout of the fluorescence laparoscope could be integrat-

ed into the surgical da Vinci goggles. Limiting in the current

setting is that the surgical assistant still has to guide the

fluorescence laparoscope manually toward the lesions.

Future developments that allow the surgeon independent-

ly to guide the tip of the laparoscope toward the lesion via

integration in the robotic system are expected to improve

the accuracy even further.

In our opinion the widespread development of surgical

fluorescence cameras and the development and clinical

implementation of new imaging agents are all essential in

improving surgical efficacy. Integration of these develop-

ments into technical surgical procedures such as minimally

invasive robot-guided surgery is crucial. The radioactivity/
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fluorescence hybrid approach presented here can easily be

expanded into other surgical guidance applications such as

tumor bracketing [22] and receptor-targeted tumor imag-

ing [23–25]. Limiting for these extended applications,

however, is obtaining approval for the clinical use of new

imaging agents. The multimodal ICG-99mTc-NanoColl im-

aging agent circumvents this problem because a cocktail of

the ICG and 99mTc-NanoColl, both clinically approved in

Europe, is used to form the multimodal complex without

the requirement of any chemical modifications or altering

the toxicologic profile. As such, ICG-99mTc-NanoColl facil-

itates the clinical introduction of the multimodal surgical

guidance concept.

5. Conclusions

The hybrid radiocolloid ICG-99mTc-NanoColl that is both

radioactive and fluorescent enabled us to link preoperative

SPECT/CT guidance with intraoperative NIR fluorescence

laparoscopy. Our initial data also show the feasibility of

integrating surgical fluorescence guidance into the RPLND

as performed with the da Vinci system. The real-time

fluorescence guidance proved particularly valuable in areas

where accurate gamma tracing was hindered by back-

ground signals.
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