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ABSTRACT

Background

Near-infrared (NIR) fluorescence imaging using indocyanine green (ICG) is a
promising technique to obtain real-time assessment of the extent and number
of colorectal liver metastases during surgery. The current study aims to optimize
dosage and timing of ICG administration.

Material and methods

Liver tumors were induced in 18 male WAG/RIj rats by subcapsular inoculation of
CC531 rat colorectal cancer cells into three distinct liver lobes. Rats were divided
in 2 groups: imaging after 24 and 48 hours or 72 and 96 hours after intravenous
ICG administration. In each time group, rats were allocated to three dose groups:
0.04, 0.08, or 0.16 mg ICG. Intraoperative imaging and ex vivo measurements
were performed using Mini-FLARE™ and confirmed by fluorescence microscopy.
Fluorescence intensity was quantified using the Mini-FLARE software and the
difference between tumor signal and liver signal (tumor-to-liver ratio; TLR) was
calculated.

Results

In all 18 rats, all colorectal liver metastases (N = 34), some as small as 1.2 mm, were
identified using ICG and the Mini-FLARE™ imaging system. Average tumor-to-liver
ratio (TLR) over all groups was 3.0 £ 1.2. TLR was significantly higherin the 72 h time
group compared to other time points. ICG dose did not significantly influence TLR,
but a trend was found favoring the 0.08 mg dose group. Fluorescence microscopy
demonstrated a clear fluorescent rim around the tumor.

Conclusions

This study demonstrates that colorectal cancer liver metastases can be clearly
identified during surgery using ICG and the Mini-FLARE™ imaging system, with
optimal timing of 72 h post-injection and an optimal dose of 0.08 mg (0.25 mg/
kg) ICG. NIR fluorescence imaging has the potential to improve intraoperative
detection of micrometastases and thus the completeness of resection.



NIRF imaging of liver metastases in rats using ICG

INTRODUCTION

With a worldwide annual incidence of approximately 1 million cases and an annual
mortality of over 500.000 cases, colorectal cancer is the second cause of cancer
death worldwide." The survival of patients with colorectal carcinoma is mostly
determined by the occurrence of distance metastases. Approximately 30% of
patients with CRC eventually develop liver metastases.®> When metastases are
confined to the liver and are resectable, surgical resection can offer a 5-year survival
rate of 35-40%.%* Despite improved surgical techniques, preoperative imaging
modalities and improved chemotherapy regimens, intrahepatic recurrence rates
vary from 11-26%.>® This is possibly due to an inadequate assessment of the extent
of disease before and during liver surgery. Currently, the most frequently used
imaging modalities to make this assessment are computed tomography (CT) and
intraoperative ultrasonography (IOUS). However, even with the combined use of
these modalities, 6-20 % of liver metastases can not be identified®'" In particular,
the detection of small (< 5 mm) liver metastases and superficially located liver
metastases appears to be difficult.’’ New imaging modalities are necessary to
facilitate a more complete assessment of the extent of disease.

Near-infrared (NIR) fluorescence imaging is a promising technique to
intraoperatively assess the extent of colorectal liver metastases. Recently, Ishizawa
and colleagues'? have shown that primary hepatocellular carcinoma and colorectal
liver metastases could be identified using NIR fluorescence imaging and the NIR
fluorescent agent indocyanine green (ICG). Colorectal liver metastases could be
identified by a fluorescent rim around the metastases. They hypothesized that this
distinct fluorescent pattern is probably based on biliary excretion disorders in the
surrounding normal liver tissue that is compressed by expanding pressure of the
tumor. In their study of 49 patients, a fixed dose of 0.5 mg/kg ICG was administered
preoperatively as part of a routine ICG clearance test, which is commonly used in
Asia to plan the safe extent of hepatectomy. The interval between administration
of ICG and surgery varied between 1 to 7 days. Consequently, the optimal dose of
ICG and time of administration before surgery remain unclear.

The goal of our study was to determine the optimal ICG dose and
administration time before surgery, using a syngeneic rat model of colorectal
cancer metastases in conjunction with the Mini-FLARE™ image-guided surgery
system.
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MATERIAL AND METHODS

Animal model
The colorectal cancer rat CC531 cell line was used for this study. The cell line and the
induction of liver metastases have been described previously.” In short, cells were
cultured in RPMI 1640 supplemented with 2 mM L-glutamine (Gibco, Invitrogen Ltd,
Carlsbad, USA), 10% heat-inactivated fetal calf serum, 100 U/ml penicillin and 0.1
mag/ml streptomycin sulfate. In order to induce liver metastases, CC531-syngeneic
male WAG/RJj rats (Harlan, Horst, the Netherlands) weighing approximately 300-
350 g underwent median laparotomy and the liver was mobilized and exposed.
Subsequently, 125,000 CC531 cells (in 50 ul PBS) were subcapsularly inoculated into
the left and right main liver lobes and the right accessory liver lobe.” Four weeks after
inoculation, metastases ranging from 1.2 to 13.4 mmiin size had originated in the liver.
The weight of the animals was followed throughout the experiment to
monitor their general health state. Throughout tumor inoculation, injection of
ICG and imaging, the animals were anesthetized with 5% isoflurane for induction
and 2% isoflurane for maintenance in oxygen with a flow of 0.8 L/min. During
anesthesia, the respiration rate was constantly monitored. For postoperative
analgesia, theanalgesic buprenorphine (0.1 mg/kg) was used. The Animal Welfare
Committee of the Leiden University Medical Center approved the experiments.
All animals were housed in the animal facility of the Leiden University Medical
Center. Pellet food and fresh tap water were provided ad libitum.

NIR fluorescent contrast agent

The clinically available NIR fluorescent contrast agent ICG (Pulsion Medical Systems,
Munich, Germany) was used. Three ICG dose groups were tested: 0.04,0.08 and 0.16
mg. Before injection, ICG powder was resuspended in 200 pL sterile water.

Intraoperative NIR fluorescence imaging system

Imaging of liver metastases was performed using the Mini-FLARE™imaging system
(Troyan et al, manuscript under review), which is a miniaturized version of the
FLARE™ imaging system.' Briefly, the system consists of two wavelength-isolated
light sources: a“white"light source, generating 26,600 Ix of 400-650 nm light and a
"nearinfrared”light source, generating 7.7 mW/cm? of 760 nm light. Color video and
NIR fluorescence images are simultaneously acquired and displayed in real-time
using customopticsandsoftware that separate the colorvideoand NIRfluorescence
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images. A pseudo-colored (lime green) merged image of the color video and NIR
fluorescence images is also displayed. The imaging head is attached to a flexible
gooseneck arm, which permits positioning of the imaging head virtually anywhere
over the surgical field, and at extreme angles.

Experimental design

In a time-dependent and dose-dependent experiment, NIR fluorescence imaging
was performed in 18 tumor-bearing rats. To minimize surgery-related trauma
and distress, rats were divided in two groups: imaging after 24 and 48 hours, and
imaging after 72 and 96 hours of ICG administration. In each time group, rats were
allocated to three dose groups of 0.04,0.08, or 0.16 mg ICG, which was administered
intravenously via the penile vein. Each dose group contained 3 rats. ICG dose
levels were chosen based on clinically relevant doses using human body weight
and correspond to doses of 10, 20 and 40 mg of ICG. The imaging time-points
were chosen based on Ishizawa et al. '> who reported NIR fluorescence imaging
is preferably performed at least 24 hours after ICG administration. Furthermore,
for clinical translation, these time-points must be logistically acceptable to use in
a clinical setting. For intraoperative imaging, the liver and other intra-abdominal
organswere exposed after median laparotomy. After the firstintraoperative imaging
session (24 or 72 hours after ICG administration), the abdomen was closed in two
layers and the animal was imaged again 24 hours later. At all time-points, tumor
fluorescence and fluorescence of abdominal organs was measured.

Data analysis

NIR fluorescence data generated with the Mini-FLARE™ system were analyzed using
the Mini-FLARE™ software package. Regions-of-interest were drawn on the outline
of the tumor, liver, kidney, spleen, stomach, small bowel, colon and bladder as traced
manually by visualinterpretation on the white lightimage. Subsequently, fluorescence
intensity was automatically calculated and exported to statistical analysis software.

Fluorescence microscopy

After intraoperative imaging experiments at 48 or 96 hours, the liver was excised
completely for ex vivo fluorescence measurements. Subsequently, liver tumors
were sliced in two to examine internal fluorescent patterns using the Mini-FLARE™
system. Excised tumor slices were snap-frozen on dry ice and stored at-80°C or were
fixed in 10% buffered formalin overnight, washed in 70% ethanol and subsequently
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embedded in paraffin. Frozen tissue sections were measured for fluorescence
using the Nuance multispectral imager (CRi, Woburn, MA) mounted on a Leica
DM IRE2 inverted microscope (Leica, Wetzlar, Germany) and subsequently stained
with hematoxylin and eosin. White light images where created using the same
microscope and subsequently merged with fluorescence images.

Statistical analysis

Statistical analysis and generation of graphs were performed using GraphPad Prism
Software (version 5.01, La Jolla, USA) and SPSS (version 17.0). Fluorescence intensity
and tumor size were reported as mean and standard deviation. To test differences
between dose groups and time groups, repeated measures ANOVA was used
with rat as random factor and dose, time, and dose by time interaction as fixed
effects.When the dose by time interaction was not significant, it was subsequently
removed from the model. Comparisons between doses and between time points
were performed using least square difference (LSD) adjustment for multiple testing.
Statistical tests were two-tailed and p < 0.05 was considered significant.

RESULTS

Intraoperative detection of colorectal liver metastases

In 18 rats, syngeneic colorectal liver metastases were induced using the colorectal
cancer rat cell line CC531. The mean number of metastases per rat was 1.8 + 0.8
(range 1 - 3). The mean size of the liver metastases was 5.2 + 0.3 mm (range 1.2 —
134 mm).Inall 18 rats, all colorectal liver metastases (N = 34) were identified using
ICG and the Mini-FLARE™ imaging system (Fig. 1).

Dose of ICG and time of intraoperative imaging
To determine the influence of ICG dosage and time of imaging, rats were allocated
tothree dose groups and imaged at four time points and tumor-to-liver ratios (TLRs)
were calculated. At all time-points (24, 48, 72 and 96 hours) and in all dose groups
(0.04,0.08 and 0.16 mg), fluorescence intensity of liver metastases was significantly
higher than the fluorescent intensity of normal liver tissue (P < 0.001). Average TLR
over all groups was 3.0  1.2. The highest average TLR (4.3 £ 1.8) was reached in the
0.08 mg dose group and 72 h after intravenous administration (Fig. 2C).

Repeated measures ANOVA was used to test for differences in TLR
between dose and time groups. There was a significant effect of time (P < 0.001),
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but the effects of dose (P = 0.12) and dose by time interaction (P = 0.91) were
not significant. Dose by time interaction was therefore removed from the model.
Consequently, the model included rat as random factor and dose and time as
fixed effects. This model showed that the TLR was significantly higher in the 72 h
time group compared to the 24 h (P < 0.001),48 h (P =0.001) and 96 h (P = 0.004)
time groups (Fig. 2D). Also, the TLR was significantly higher in the 96 h time group
compared to the 24 h group (P = 0.049). ICG dose did not significantly influence
TLRs, but a trend was found favoring the 0.08 mg dose group (0.08 vs. 0.04, P =
0.06; 0.08 vs.0.16, P = 0.09).

Biodistribution of Indocyanine Green

Fluorescent intensity of the metastases, liver, kidney, stomach, spleen, small bowel,
colon and bladder was measured at all time points and in all dose groups (data
not shown).

Repeated measures ANOVA was used to test for differences in fluorescent

intensity of the liver (Fig. 2A) and liver metastases (Fig. 2B) between dose and time
groups. Dose by time interaction did not significantly effect liver signal (P =0.1) and
metastases signal (P=0.125) and was therefore removed from the model. There was
a significant effect of time on both liver signal (P < 0.001) and liver metastases signal
(P < 0.001). No significant effect of dose was found on liver signal (P = 0.061) and
metastases signal (P = 0.152). This model showed that liver signal and metastases
signal were both significantly higher in the 24 h group compared to all other time-
points (P < 0.001).
NIR fluorescence intensity of all organs except for the stomach, colon and the small
bowel, was lower or equal to the liver signal. Fluorescence intensity of the stomach,
colon and small bowel was significantly higher compared to other organs and had
a maximum at 48 and 72 hours.

Microscopic distribution of ICG in liver metastases

Todeterminethe preciselocation of ICGinthevicinity ofthetumor, sliced liver metastases
were examined for internal fluorescent patterns using the Mini-FLARE™ system. In all
liver metastases a clear fluorescent rim around the tumor was found. Frozen tissue
sections were examined using the Nuance multispectral imager (CRi, Woburn, MA)
mounted on a Leica DM IRE2 inverted microscope (Leica, Wetzlar, Germany). A clear
fluorescent rim was found in stromal tissue in the transition area between tumor and
normal liver tissue in all liver metastases. In this area, multiple cell types that are involved
in tissue inflammation (e.g. granulocytes, lymphocytes) were found (Fig 3).
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Figure 1 - Intraoperative detection of colorectal liver metastases using NIR fluorescence

Shown are a colorimage (left), a NIR fluorescence image (middle) and a pseudo-colored green merge (right)
of two CC531 colorectal liver metastases intraoperatively detected using NIR fluorescence in a male rat 72 h
after injection of 0.08 mg indocyanine green.
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Figure 2 - Dose of ICG and timing of intraoperative imaging

A. Fluorescent intensity of the liver in 18 rats injected with 0.04, 0.08 or 0.16 after 24,48, 72 and 96 h.

B. Fluorescent intensity of all liver tumors (N = 34) in 18 rats injected with 0.04, 0.08 or 0.16 mg ICG after 24,
48,72 and 96 h.

C. Average tumor-to-liver ratios and standard deviations are plotted for all liver metastases (N = 34) in 18 rats
injected with 0.04, 0.08 or 0.16 mg ICG after 24, 48, 72 and 96 h.

D. Estimated marginal means of tumor-to-liver ratio for rats injected with 0.04, 0.08 or 0.16 mg ICG after 24,
48, 72 and 96 h using the repeated measures ANOVA and least square difference (LSD) adjustment for
multiple testing. This model showed that the tumor-to-liver ratio was significantly higher in the 72 h time
group compared to the 24 h (P < 0.001),48 h (P =0.001) and 96 h (P = 0.004) time groups. ICG dose did not
significantly influence tumor-to-liver ratios, but a trend was found favoring the 0.08 mg dose group (0.08 vs.
0.04, P =0.06;0.08 vs.0.16, P = 0.09).
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Figure 3 — Fluorescent microscopy of a colorectal liver metastasis

Shown are a hematoxylin and eosin staining (top left), a pseudo-colored green NIR fluorescence image (top
middle) and pseudo-colored green merge (top right) of a 20 um frozen tissue section of a colorectal liver
metastasis. Furthermore, a phase image (bottom left), a pseudo-colored red NIR fluorescence image (bottom
middle) and a pseudo-colored red merge (bottom right) of a 20 um frozen tissue section of a colorectal liver
metastasis is shown. The fluorescent rim in stromal tissue in the transition area between tumor and normal
liver tissue can be clearly identified.

DISCUSSION

In the present study, significant differences in TLR were shown between four
different time points after ICG administration, with an optimal time of imaging of
72 h after ICG administration. No significant effects were found with regard to dose
level; however, a trend was shown favoring 0.08 mg. Moreover, all liver metastases,
even as small as 1.2 mm, could be clearly identified during liver surgery using
clinically available ICG and the Mini-FLARE™ system in this syngeneic rat model.
Highest TLRs were reached 72 h after ICG administration. Fluorescence
intensity of the liver and the liver metastases were also examined separately.
Fluorescent intensity of the liver decreased strongly after 24 h and was not dose
dependent. Fluorescent intensity of the liver metastases also decreased strongly at 48
h, but a small, non-significant peak was found at 72 h.This small peak can be explained
by the re-uptake of ICG in the small bowel as part of the enterohepatic circulation and
subsequent passage through the bowel tract, hence the highest TLRat 72 h.
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Regarding ICG dosage, a trend was found favoring the 0.08 mg ICG group.
Extrapolating to human body weight, this dose corresponds to a dose of 20 mg ICG,
which is frequently used in a clinical setting. To optimize this technique in clinical
practice, a dose-finding study is imperative. As ICG is already clinically available and
FDA-approved, a straightforward translation of our results to the clinic can be made.

Itis known that a substantial part of liver metastases, mainly the small (<
5 mm) and superficially located, can not be identified using conventional imaging
modalities such as CT or IOUS. Size of metastases in the present study varied from
1.2 t0 13.4 mm of which 50 % were smaller than 5 mm. This emphasizes that ICG
fluorescence in liver surgery might be of great value in detecting small colorectal
liver metastases. As the currently used preclinical animal model only generated
colorectal liver metastases, future clinical studies will have to determine the ability
of this technique to discriminate between malignant and benign lesions of the
liver.

Since maximum penetration depth of NIR fluorescence is currently up
to 1 cm, identification of non-superficially situated liver metastases will be more
challenging. Therefore, intraoperative ICG fluorescence must be regarded as a
complement on currently used conventional imaging modalities as IOUS and CT.
Improvements in imaging systems, NIR fluorescence contrast agents and software
and reduction in background fluorescence may facilitate NIR fluorescence imaging
of deeper located metastases.

The currently used technique to detect liver metastases using NIR
fluorescence and ICG is based on the clearance capacity of the liver. It has been
described that in patients with a cirrhotic liver, or in patients pretreated with
chemotherapy, the liver function and clearing capacity can be reduced. A reduced
liver function could also affect the clearance of ICG, which can result in a higher
background signal and therefore lower contrast. However, it has been shown
that even cirrhotic livers have an extensive clearance capacity.” This implies that
the currently used technique can probably be used in subjects with a reduced
liver function. Though, in these patients, the optimal time interval between
ICG administration and imaging could be longer. Future clinical studies have to
elaborate on this topic.

A recent development in liver surgery is the introduction of laparoscopic
surgery. NIR fluorescence can be of great value, also in laparoscopic surgery,
since palpation of the liver is not possible and the surgeon can only rely on
visual inspection and preoperative imaging. To anticipate on this potential new
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application, laparoscopic NIR fluorescence camera systems are presently being
developed and tested.'®"”

In summary, this study demonstrates clear identification of colorectal liver
metastases during surgery using the clinically available NIR fluorescent agent ICG
and the Mini-FLARE™ system. Imaging 72 h after administration of 0.08 mg ICG
provided the highest TLRs. In particular, the ability to detect small (< 5 mm) and
superficially located metastases can be of great value during liver surgery.When the
current intraoperative identification of colorectal liver metastases can be improved
using this technique, the resection can potentially be performed more accurately
and preoperatively missed metastases can be involved in surgical decision making.

w
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