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Abstract: Although the possibilities in image guided surgery are advancing rapidly, complex surgical procedures 
such as nerve sparing prostatectomy still lack precision regarding differentiation between diseased and delicate 
anatomical structures. Here, the use of complementary fluorescent tracers in combination with a dedicated mul-
tispectral fluorescence camera system could support differentiation between healthy and diseased tissue. In this 
study, we provide proof of concept data indicating how a modified clinical-grade fluorescence laparoscope can be 
used to sensitively detect white light and three fluorescent dyes (fluorescein, Cy5, and ICG) in a sequential fash-
ion. Following detailed analysis of the system properties and detection capabilities, the potential of laparoscopic 
three-color multispectral imaging in combination with white light imaging is demonstrated in a phantom set-up for 
prostate cancer.
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Introduction

Due to its ability to visualize disease, fluores-
cence guidance is increasingly being applied 
during interventions [1]. The promise of fluores-
cence imaging to visualize tissue in real-time, 
possibly with microscopic detail, is considered 
by many to be a game changer in the manner of 
performing future surgical procedures. Besides 
visualizing disease and sentinel lymph nodes, 
this technology also has the potential to allow 
differentiation between diseased and healthy 
tissues (e.g. nerves). Such a differentiation wo- 
uld help to decrease procedure-associated 
morbidity e.g. long-term functional complica- 
tions. 

Many fluorescent compounds have already 
found their way into clinical practice, either as a 
free dye or a dye-functionalized targeting agent 
[1]. Based on their fluorescence emission spec-
tra, clinically evaluated dyes can be separated 

into three groups. The first group comprises 
fluorescent dyes emitting in the visible part of 
the light spectrum (400-650 nm) with fluores-
cein being the most widely used visible fluores-
cence dye in clinical care today. While its rou-
tine use lies in angiography, it has also been 
used successfully to identify ureters [2] and 
sentinel nodes [3-5]. Moreover, fluorescein in 
its reactive isothiocyanate form (FITC) can be 
conjugated to targeting vectors, e.g. NP-41, a 
peptide developed for the targeting and subse-
quent visualization of nerves [6, 7]. The second 
group consists of dyes emitting in the far-red 
region of the light spectrum (650-750 nm). 
Here, an interesting development has been the 
clinical introduction of the relatively bright cya-
nine dye Cy5. Upon coupling to a c-Met receptor 
targeting peptide, this dye has proven its value 
for the visualization of polyps in the colon dur-
ing colonoscopy [8]. The last group consists of 
near-infrared emitting cyanine dyes (750-1000 
nm) such as indocyanine green (ICG). The clini-
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cal success of the use of ICG in angiography 
and lymphatic mapping applications [9] has 
stimulated the development of a wide range of 
near-infrared fluorescent tracers. Most of these 
novel dyes (for example 800CW and ZW800) 
are based on Cy7 analogues that, in contrast to 
ICG, can also be coupled to a targeting moiety 
[10]. 

Multispectral (or multicolor) fluorescence imag-
ing explores the spectral difference between 
individual fluorescent dyes. Thereby it allows 
for the concurrent use of multiple fluorescent 
dyes to highlight various anatomical, physiolog-
ical and/or molecular features. For this reason, 
sequential multispectral imaging is routinely 
being applied in cell biology during analysis of 
complex cellular effects and in fluorescence 
immunohistochemistry. In contrast, the use of 
multispectral imaging approaches in vivo can 
be considered rare. An extraordinary pre-clini-
cal in vivo example has been provided by 
Kobayashi et al., in which they performed lym-
phatic mapping using five different fluorescent 
tracers [11]. Only few clinical studies report on 
the use of multiple fluorescent dyes simultane-
ously in a single patient. In ophthalmology the 
near-infrared ICG and visible fluorescein have 
been used simultaneously to study the vascu-
lar physiology of the eye in detail [12]. For sen-
tinel node biopsy procedures in patients with 
gynecological malignancies, Laios et al. have 
shown combined imaging of methylene blue 
(far-red emission) and ICG [13, 14]. Lee et al. 

demonstrated the combined imaging of fluor- 
escein and ICG for lymphatic mapping during 
laparoscopic gastrostomy [5]. Our group rec- 
ently demonstrated that simultaneous use of 
the hybrid tracer ICG-99mTc-nanocolloid and flu-
orescein could provide additional information 
regarding the location of sentinel nodes during 
robot-assisted laparoscopic sentinel node 
biopsy for prostate cancer [15]. Critical for the 
clinical dissemination of a fluorescence imag-
ing and in particular multispectral image guid-
ance, is the availability of dedicated camera 
systems capable of detecting the different fluo-
rescent emissions.

For the current study we have generated a pro-
totypical set-up for a clinical fluorescence lapa-
roscope so that it can sequentially detect white 
light and three non-overlapping fluorescent 
emissions: visible green (450-650 nm), far-red 
(650-750 nm) and near-infrared (>750 nm). 
Subsequently, we characterized the system’s 
performance (looking at a.o. spectral proper-
ties, sensitivity and in-depth tissue penetra-
tion) using fluorescein, Cy5, and ICG. This was 
followed by a proof-of-concept evaluation in a 
clinically-relevant phantom set-up. 

Materials and methods

Camera, filters and light sources

For imaging of white light, fluorescein, Cy5 and 
ICG, a clinical grade IMAGE 1 S camera system 

Figure 1. Schematics of the system. The modifica-
tion of an otherwise original system lies only in the 
excitation and emission filters.
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equipped with a 0o laparoscope was used. 
Three different D-light systems were used as 
excitation light source: a D-Light C light source 
(AF/fluorescein), a Cy5-modified D-Light C light 
source (Cy5), and a prototype D-light P light 
source (ICG) (all KARL STORZ Endoskope GmbH 
& Co. KG, Tuttlingen, Germany) where the main 
variation lies in the filters that were applied in 
the slots of the filter wheels. The 0o laparo-
scope had built-in emission filters for fluores-
cein (autofluorescence (AF) mode) and ICG (ICG 
mode; Cat no. 26003AGA; KARL STORZ Endo- 
skope GmbH & Co. KG). An additional standard 
eyepiece adaptor (Cat. No. 20100034 KARL 
STORZ Endoskope GmbH & Co. KG) was placed 
in-between the camera and the laparoscope to 
apply a Cy5 filter as illustrated in the graphical 
drawing (Solid works Education Edition 2015 
SP5.0, Dassault Systémes) in Figure 1.

Spectral evaluation of the light sources and 
emission filters

To record the light spectra of the excitation light 
sources and respective excitation filters, a 
Jobin Yvon VS140 linear array fiber spectrome-
ter (Horiba, Kyoto, Japan) in the 310-900 nm 
range with an integration time of 0.1 ms was 
used. Note: 310 nm was the lower detection 
limit of the fiber spectrometer. To improve the 
signal-to-noise ratio, an average value was cal-
culated for every 19 data points collected. This 
was done using the “AVERAGE (OFFSET)” for-
mula in Microsoft Excel and resulted in 130 
averaged data points. The effect of the emis-
sion filters was determined by coupling the 
same fiber spectrometer to the filtered laparo-
scopic set-up. This was done at the location 
were the IMAGE 1 S camera system was other-
wise connected via a C-mount coupling. The 
spectral properties of the emission filters were 
determined using the non-filtered white-light 
emission of the respective light source.

Concentration-dependent detection sensitiv-
ity of the laparoscopic fluorescence camera 
system for fluorescein, Cy5 and ICG

To determine the sensitivity of the fluorescence 
camera for fluorescein, Cy5 and ICG, a 5 mg/
mL solution of the dyes was prepared and dilut-
ed 1:1 in 36 steps down to 0.15 pg/mL. 
Fluorescein was diluted in 0.4 M NaHCO3 pH = 
9, Cy5 in H2O, and ICG in H2O or human serum 
albumin (HSA) (Albumaan; Sanquin, Amsterdam, 

The Netherlands) to achieve optimal fluores-
cence brightness. From each step of the pre-
pared dilution ranges, 100 mL was pipetted in 
a black 96-wells plate (Cellstar, Greiner Bio-
One GmbH, Frickenhausen, Germany). The 
complete dilution range was then evaluated 
using the fluorescence camera system. Hereby 
the tip of the laparoscope was positioned per-
pendicular to the well plate surface at a dis-
tance of 10 cm. This allowed capturing the 
whole dilution range in the field of view of the 
camera. 

To provide a more quantitative read-out, fluo-
rescence measurements of the dilution range 
were performed using a Perkin Elmer LS-55 
(Perkin Elmer, Waltham, Massachusetts, USA) 
fluorescence spectrophotometer. For fluores-
cein λex = 480 nm and λem = 530 nm were used. 
For Cy5, λex = 650 nm and λem = 670 nm were 
used. For ICG and ICG-HSA, λex = 760 nm and 
λem = 800 nm were used. Absorption and emis-
sion spectra of the different dyes were record-
ed using an Ultrospec 3000 (Amersham 
Pharmacia, Piscataway, New Jersey, USA) and a 
Perkin Elmer LS-55, respectively.

Evaluation of the tissue penetration of fluo-
rescein, Cy5 and ICG using the laparoscopic 
fluorescence camera system

To determine the in-depth detection sensitivity 
of the laparoscopic fluorescence camera set-
up, a tissue penetration experiment was con-
ducted in a manner similar to as described pre-
viously [16-18]. In brief, a capillary was filled 
with a 50 µM solution of each dye dissolved in 
phosphate buffered saline (PBS) (fluorescein 
and Cy5) or HSA (ICG). The capillaries were then 
placed on a slice of meat with the tip of the 
laparoscope being positioned 10 cm above the 
capillary. Hereafter, fluorescence imaging was 
performed in the AF (fluorescein), Cy5 and ICG 
mode. After the first imaging session, another 
slice of meat (thickness of ~1.5 mm) was 
placed on top of the capillary followed by taking 
the following images. Slices of meat were 
stacked on top of the capillary until the respec-
tive dye became undetectable (determined by 
two independent observers).

Human-like torso phantom 

To demonstrate how the multispectral approach 
may be used in a clinical setting, a human-like 
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Figure 2. Spectral properties of the laparoscopic set-up in relation to those of the dyes. (A) White light, AF filtered excitation light and detected light from the D-Light C 
source; (B) White light, Cy5 filtered excitation light and detected light from the Cy5-modified D-Light C source; (C) White light, ICG filtered excitation light and detected 
light from the prototype D-Light P source; Normalized spectral properties of the dyes (D) Fluorescein (λex 483 nm, λem 512 nm in NaHCO3), (E) Cy5 (λex 645 nm, λem 
661 nm in HSA), and (F) ICG (λex 807 nm, λem 818 nm in HSA). Time of irradiation is approximately 10 seconds.
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torso phantom was used [19]. With this phan-
tom set-up, a prostate cancer case was mim-
icked, whereby different fluorescent dyes are 
used to represent various structures encoun-
tered during prostate cancer surgery. In this 
model, fluorescein-containing lines were used 
to mimic nerves running through the prostate-
related fascia. Three Cy5 beads (two located 
beneath the surface and one superficial) were 
inserted into the prostate, thereby representing 
tumor deposits. Moreover, ICG-containing be- 
ads were used to represent sentinel node(s) 
residing in the pelvic area. 

Preparation of the fluorescent beads

To generate Cy5 dye-containing epoxy-resin 
beads, a 0.1 mg/mL Cy5 in methanol solution 
was mixed in a volume ratio of 1:100:50 with 
epoxy resin C and epoxy hardener C (both 
Faserverbundwerkstoffe GmbH, Waldenbuch, 
Germany), respectively. For the generation of 
ICG-containing epoxy-resin beads ICG was dis-
solved in methanol to a final ICG concentration 
of 0.1 mg/mL. This solution was then mixed in 
a in a volume ratio of 1:10:6 ratio with epoxy 
resin C, and epoxy hardener C, respectively. 
The resin mixtures were poured in small clay-
molds made by pressing an Eppendorf tube 
(1.5 mL) into molding clay. The resin was 
allowed to dry for approximately 24 h. Dye con-
centrations ranged from 0.8 μM to 18.9 μM 
and were based on their invisibility in white light 
imaging settings and overlap with the quanti-
ties where ICG is commonly detected in the 
clinic [20]. 

Preparation of the silicon prostate model 

An artificial prostate model was cast from 100 
mL Dragon Skin® FX-Pro silicon rubber, 80 mL 
Slacker® Tactile Mutator (Smooth-On Inc., Ma- 
cungie, PA, United States) and 300 µL SilTone 
Fresh Blood pigment (FormX, Amsterdam, The 
Netherlands). Herein fluorescent Cy5 beads 
were placed after a small incision. 

To generate an artificial fascia around the pros-
tate with nerve structures running through it, 
again silicon was used. For this 70 mL Dragon 
Skin® FX-Pro silicone rubber, 70 mL Slacker® 
Tactile Mutator (Smooth-On Inc.) and 100 µl 
SilTone yellow pigment (FormX) were mixed. Of 
this 5 mL was taken and mixed with a fluores-
cein sodium salt (Sigma Aldrich) stock solution 

in methanol (1 mg/mL). 75 µL of Thi-Vex® thixo-
tropic agent was added to the remaining 135 
mL and after mixing thoroughly this was cast to 
form a thin covering layer. Immediately after 
casting, a capillary was used to introduce the 
fluorescein mixture in the form of intersecting 
lines. The models were dried overnight. 

Results

Excitation and emission spectra

Evaluation of the normalized spectra of the 
three excitation light sources of which all three 
had a similar configuration and identical xenon 
lamp, but differed in the excitation filter applied, 
showed the excitation light settings in the AF 
(fluorescein), Cy5 and ICG modes, relative to 
the non-filtered white light of the xenon lamp 
which is illustrated in Figure 2A-C. These dem-
onstrated excitation filters were specific to the 
wavelength ranges, 380-480 nm and 760-900 
nm (main peaks), 590-680 nm, and 660-810 
nm, respectively. To determine the width of the 
emission filters in the laparoscope, filter set-
tings were studied using white light. As illustrat-
ed in Figure 2A, light with a wavelength 
between 450-700 nm was not filtered out in 
the AF (fluorescein) mode. For Cy5, only light in 
the 640-720 nm range was allowed to pass 
through the band-pass filter, as illustrated in 
Figure 2B. In the ICG mode light was only 
allowed to pass through between 390 nm and 
670 nm as well as >800 nm as Figure 2C illus-
trates. Figure 2D-F show the matching spectral 
properties of the fluorescent dyes used, name-
ly fluorescein, Cy5 and ICG.

Sensitivity to the different dyes

To provide insight into how the different fluores-
cence imaging options of the fluorescence lap-
aroscope relate to the detection sensitivity for 
the individual dyes, a dilution series of the dyes 
was generated and measured of which the 
results are depicted in Figure 3. In the well-
plate set-up the maximal sensitivity for fluores-
cein was found to be 0.203 µM. For Cy5 and 
ICG sensitivities were 0.050 µM and 3.15 µM, 
respectively. With the laparoscope positioned 
at a 0.5 cm distance from the surface of the 
solution the sensitivity improved to 0.051 µM, 
0.006 µM and 0.788 µM, respectively. Hereby 
the limits of visibility were determined by eye 
and indicated with white circles in Figure 3B. 
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To study the difference in tissue penetration 
between the different dyes and (fluorescence) 
imaging settings used, tissue penetration 
experiments were performed with capillaries 
containing the individual fluorescent dyes. The 
difference in penetration depth, which could be 
visibly assessed on-screen are exemplified in 
Figure 4. The highest tissue penetration was 
obtained with Cy5 (9 mm). For ICG in HSA a 
maximum penetration of 6 mm was found, 
which is in agreement with clinical findings [21]. 
For fluorescein the tissue penetration was 
restricted to a mere 3 mm. 

Proof of concept three-color multispectral 
imaging in a phantom set-up

In the human-like prostate cancer phantom, 
white light and all three fluorescence imaging 
settings were sequentially applied in the same 
position as illustrated in Figure 5. This experi-
ment illustrated that although different fluores-
cent emissions are present in the same field of 
view, the various emission signals could be very 
easily separated from each other. This became 

Figure 3. Concentration-dependent detection sensitivity of the laparoscopic fluorescence camera system. (A) Spec-
tral signal intensities determined, and (B) Evaluation of detection limits using the laparoscopic set-up (10 cm; also 
depicted with arrows in (A). Time of irradiation is approximately 10 seconds. For fluorescein λex = 480 nm and λem = 
530 nm were used. For Cy5, λex = 650 nm and λem = 670 nm were used. For ICG-HSA, λex = 760 nm and λem = 800 
nm were used.

Figure 4. Penetration depth for fluorescein (PBS), 
Cy5 (PBS) and ICG (200 mg/ml HSA) measured at 
10 cm laparoscope distance. Time of irradiation is 
approximately 10 seconds.
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most apparent when looking at the fluorescein-
containing lines in the silicon that partly over-
lapped with the location of the Cy5 beads.

Discussion

Previously we demonstrated the feasibility and 
potential of using two fluorescent dyes, fluores-
cein and ICG, to provide multispectral fluores-
cence guidance during prostate cancer surgery 
[15]. With the current study we show that the  
laparoscopic camera set-up used in previous 
clinical trials also allows for imaging of a third 
fluorescent emission following modification of 
the excitation and emission light filters [15, 22]. 
Using this set-up, sequential fluorescence 
imaging of dyes emitting in the visible to the far-
red- and the near-infrared windows has become 
possible. Where fluorescein and ICG are already 
routinely used in the clinic, Cy5 will most likely 
become of great importance for the field in the 

near future. The chemical freedom to fine-tune 
Cy5 dye structures makes them a highly suit-
able fluorescent label for different types of 
receptor targeting applications [8, 23]. The 
detection sensitivity of the various dyes studied 
does not seem to pose limits on the clinical 
potential to realize a multicolor roadmap 
towards diseased areas in the body. For all 
three dyes evaluated, the detection sensitivity 
was within the detection limits found for ICG in 
clinical studies [20], namely: 0.006-64.6 μM 
vs. 0.051 µM, 0.006 µM and 0.788 µM for fluo-
rescein, Cy5 and ICG, respectively. Here the 
detection sensitivity seems favor Cy5 over fluo-
rescein and ICG. 

When assuming an identical photon flux, the 
penetration depth of a fluorescent dye emitting 
in the visible or far-red part of the light spec-
trum (e.g. fluorescein and Cy5, respectively) is 
less when compared to the penetration depth 

Figure 5. Experimental set-up in a prostate cancer phantom. The outside view of the light source and laparoscopic 
positioning are shown with the laparoscopic image inserted: (A) White light setting for anatomical context, (B) Auto-
fluorescence setting for the detection of fluorescein (nerves; yellow), (C) Cy5 setting for the detection of Cy5 (tumor 
lesions; red), and (D) ICG setting for the detection of ICG (sentinel nodes; blue).
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of a dye emitting in the near-infrared window 
(e.g. ICG [16, 18]). Nevertheless, our phantom 
studies indicated that while the application of 
fluorescein remains confined to superficial 
structures only (<3 mm), Cy5 in-depth detec-
tion actually seemed to be better than that of 
ICG, as visualized in Figure 4. The fact that Cy5 
performs this well may be related to its superior 
brightness relative to ICG. This is a direct result 
of the difference in quantum yield, 28% for Cy5 
vs. 0.3% for ICG [24, 25]. It should be men-
tioned that, as shown in Figure 4, using the  
current laparoscopic set-up for fluorescein and 
ICG imaging the fluorescence signal was pre-
sented with anatomical background informa-
tion, whereas the fluorescence signal of Cy5 
was shown on a black background. This may, in 
part, also reflect the detection sensitivities 
recorded. 

In the future, white light imaging in combination 
with three-color multispectral fluorescence 
imaging may help enhance precision during 
more complex surgical procedures, e.g. nerve-
sparing (partial) prostatectomy performed in 
combination with sentinel lymph node biopsy. 
Our preliminary phantom study suggests that a 
direct color-based differentiation between (he- 
althy) structures that need to be spared and 
diseased tissue that needs to be resected is 
technologically feasible. This said, in the cur-
rent set-up we used three separate light sourc-
es (identical light sources equipped with differ-
ent excitation filters) and an add-on Cy5 
emission filter. Obviously, further hardware 

integration of the multicolor-fluorescence filter 
settings and straightforward switching between 
filter settings would be required in a commer-
cial multispectral fluorescence laparoscope 
set-up. As the light source and laparoscope 
both contain filter wheels that can easily be 
adapted, such modifications seem realistic. 
From a surgeons point of view sequential imag-
ing is the most convenient mode of fluores-
cence guidance. Hereby white-light provides 
the standard for the major part of the proce-
dure and the different features depicted by flu-
orescence imaging are only used when relevant 
to the surgical process. Another advantage of 
sequential imaging is that it limits spectral 
overlap and thus prevents misinterpretation of 
the images. This said, like in molecular cell biol-
ogy where sequential microscopic multispec-
tral imaging is standardly applied, a software-
generated overview image that integrates the 
different views could be valuable as roadmap 
(Figure 6). While the investigated fluorescent 
emissions are in direct relation to clinical trials 
in which we have been involved [8, 15, 22], 
applications of this set-up can easily be ex 
tended to alternative combinations of tracers 
with a similar emission, but then pursuing dif-
ferent targets. Such expansions of the multi-
spectral guidance concept are reliant on the 
number of fluorescent tracers that are avail-
able for clinical use. Hence it is expected to 
reach increasing clinical relevance during the 
further maturation of the image-guided surgery 
research field.

Figure 6. A: Clinical example of the different structures encountered during prostate cancer surgery; and B: Fused 
multispectral image by manual post-processing. Yellow (circle) represents nerves (fluorescein), red (circle) repre-
sents tumor lesions (Cy5) and blue (circle) represents sentinel nodes (ICG).



Multispectral fluorescence guided surgery

146	 Am J Nucl Med Mol Imaging 2017;7(3):138-147

Conclusion

By enabling a clinical-grade laparoscopic fluo-
rescence camera to detect three complemen-
tary fluorescent dyes, the potential of laparo-
scopic three-color multispectral imaging in 
combination with white light imaging could be 
demonstrated. This finding, combined with the 
clinical application of tracers that emit visible-, 
far-red and near-infrared fluorescence, suggest 
that multispectral fluorescence imaging has 
future potential in image guided surgery 
applications.
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