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Noninvasive assessment of liver function
reserve with fluorescent dosimetry of
indocyanine green
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Abstract: Using in vivo multiphoton fluorescent dosimetry, we demonstrate that the clearance
dynamics of Indocyanine Green (ICG) in the blood can quickly reveal liver function reserve. In
normal rats, the ICG retention rate was below 10% at the 15-minute post-administration; While
in the rat with severe hepatocellular carcinoma (HCC), the 15-minute retention rate is over 40%
due to poor liver metabolism. With a 785 nm CW laser, the fluorescence dosimeter can evaluate
the liver function reserve at a 1/10 clinical dosage of ICG without any blood sampling. In the
future, this low-dosage ICG 15-minute retention dosimetry can be applied for the preoperative
assessment of hepatectomy or timely perioperative examination.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Hepatocellular carcinoma (HCC) is one of the mortal malignancies with poor clinical treatment
outcomes worldwide [1]. Liver resection is the major treatment option to prolong the living of
an HCC patient [2]. However, sufficient metabolic function of the liver remnant is pivotal to
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avoid postoperative liver failure. Insufficient liver function reserve will prohibit the possibility
or restrict the extent of liver resection. Therefore, precise and accurate evaluation of the liver
function reserve before the operation or during the surgery is crucial to increase the success rate
of HCC hepatectomy. To mitigate the risk of postoperative liver malfunction, clinical scientists
developed several methods, such as Child-Pugh score [3—6] and model for end-stage liver disease
(MELD) score [5,6]. Child-Pugh’s score has been well accepted for determining the prognosis
of liver resection all over the world [3,4]. The assessments include the bilirubin level, albumin
level, ascites, encephalopathy condition, and nutritional status. The resulting scores separate into
A, B, and C levels, where Level C indicates more severe cirrhosis [5]. Although the Child-Pugh
score is easy to measure, it cannot accurately reflect the actual function of the liver. Some
patients with level A still have liver failure after surgery. Evidence indicates that these indices
may oversimplify the representation of the liver function, and the score is not directly correlated
with mortality rate [5]. The evaluations are, to some extent, subjective [6].

Medical imaging like computed tomography (CT) [7], magnetic resonance imaging (MRI)
[8], and intraoperative ultrasound (IOUS) [9] provide structural information of HCC lesions,
facilitating the estimation of cirrhosis volume. The reserved liver function can thus be linked
to the non-cirrhosis volume of the liver [10]. However, the future remnant liver volume is not
equivalent to future remnant liver function [11]. There is still no clear consensus on how much
proportion of the liver could be removed according to these structural images. Therefore, there is
an urgent demand to develop a functional assay that can complement the structural information of
medical imaging and specifically reflect the liver functional reserve [11]. Jaundice is a molecular
symptom of raised serum bilirubin caused by the decreasing metabolic function of the liver.
Based on similar concepts, many liver-specific metabolic probes were developed to predict the
functional reserve of the liver. Examples are *™Tc-IDA for hepatobiliary scintigraphy [12], and
99mTc Jabeled diethylene triamine pentaacetate-galactosyl hu-man serum albumin (**™Tc-GSA)
for SPECT/CT fusion imaging [13]. Although they can help the clinicians to understand the
association between liver function and liver volume [14], the long duration of the drug uptake,
the volume of equipment, the long testing time, and the radial hazard are still the major obstacles
for a quick estimation.

In contrast, the indocyanine green (ICG) 15-minute retention test ICG-R15) quantified by the
infrared absorption has become the commonly used molecular assay in preoperative assessment
of liver function [15]. The circulated ICG conjugated with proteins in blood is specifically
metabolized through the liver into the bile duct [16]. The decay of ICG concentration in blood
can thus reflect the liver metabolic function if well perfused. One traditional procedure of the
ICG-R15 test is blood sampling at the Sth, 10th, 15th minutes post-ICG injection with a nontoxic
dosage of 0.1-0.5 mg per kg body weight [17]. Then the ICG concentration in serum can be
measured by spectrophotometry. The ICG-R15 in healthy people is typically less than 10%, but
greater than 40% in patients with severe hepatic diseases [18]. One study reveals that ICG-R15
is more accurate than the Child-Pugh and MELD scores in predicting hepatic functional reserve
before hepatectomy [19]. However, multiple blood drawings are invasive for patients and take
time to quantify. Moreover, the preoperative ICG test assumes a constant baseline function
without fluctuation, which might not reflect the worst situation in the course or after the surgery.
If new satellite sites of HCC were found in operation, the reserved liver function can’t be timely
evaluated by the ICG-R15 test, and the resection volume can’t be optimized [20].

To achieve continuous on-site measurement of ICG concentration in circulation, Nihon Kohden
company has developed the pulse-dye-dosimetry (PDD) technique by measuring the absorption
of ICG at 805 nm and heme at 890 nm [21,22]. The device is designed to evaluate cardiac
output. But for the assay of ICG retention, the system needs to be sensitive enough to detect
1/100 of the initial bolus concentration so that 10% ICG-R15 can be confidently detected. At low
ICG concentration, the absorption might be interfered with by skin pigment and the variation of
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hematocrit, which would affect the accuracy of measurement and causes a decrease of sensitivity
in quantifying ICG. To address this issue, Dorshow et al. used the 820-850 nm fluorescence of
ICG to achieve background-free quantification [23]. But the intended use for Dorshow’s work
still focuses on the evaluation of cardiac output. The dosage of ICG is 4-5 times higher than
the clinically recommended dose (0.5 mg/kg). Overdosing will lead to the aggregation of ICG
and reduce the quantum efficiency of the fluorescence emission [24]. The ICG-R15 retention
rate would thus be overestimated. Tingting et al. used photoacoustic tomography to study the
feasibility of ICG dosimetry in partial hepatectomy rabbits [25]. The animal model is still not in
the context of HCC.

In this work, we investigate the low-dose ICG fluorescent dosimetry for the continuous
evaluation of liver function in the HCC animal model. First, we used the in vivo multiphoton
microscopy to analyze the liver functional reserve of HCC rats, and the ICG fluorescence decay
in blood vessels supports the clinical criteria in the ICG-R15 test. Next, we used the 785 nm
continuous wave (CW) laser system to achieve 1/10 clinical dose ICG fluorescence dosimeter
for quick and portable liver function evaluation. In the future, this system could evaluate liver
function multiple times in preoperative, intraoperative, or postoperative assessment.

2. Materials and methods
2.1.  Harmonic generation and two-photon fluorescence imaging system

The laser-scanned inverted microscope system (Leica, DMI 3000M) was excited by a home-build
1250 nm femtosecond Cr: forsterite laser. Details about the light source and the imaging
system have been reported elsewhere [25]. The mode-locked output power was 570 mW. The
laser was scanned by a 16-kHz resonant mirror and a Galvo mirror. The beam size of the
excitation light was expanded to fill the back aperture of an objective (Zeiss, 63x/1.15) to
achieve the optimal resolution of the sectioning image. The generated multiphoton signals were
epi-collected by the same objective and transmitted through the dichroic beam splitter with a 900
nm edge wavelength. The third harmonic generation (THG) signals (A =417 nm) and two-photon
fluorescence (TPF) signals were further split by a 484 nm edge dichroic beam splitter and detected
by two photomultiplier tubes (Hamamatsu, H7732-10) separately. To reject the background
fluorescence and obtain better image contrast, we employed a 414 nm centered bandpass filter and
a 650 nm edge long-pass filter before the corresponding detection channel. Pixel signal of images
was digitally sampled, recorded, and assembled by a Field Programmable Gate Array card. The
raster-scanned images were then displayed on the computer screen at a 30-Hz video rate. Each
scanned image has an 80 X 80 um field of view with 512 x 512 pixels. We used the THG image
to locate the vessel and record the TPF of ICG as a multiphoton fluorescent dosimeter.

2.2. Fluorescent dosimeter with a 785 nm CW laser

The single-photon fluorescent dosimeter (Fig. 1) was composed of a 785-nm CW laser source
(Coherent, OBIS785LX), a dichroic beam-splitting excitation module, a sensitive photomultiplier
tube (Hamamatsu, H7732-10), and a highspeed data acquisition unit (AD Instrument, Powerlab
8/35). The 785 nm laser source operated at a 50-mW output power. The excitation beam first
passed a 785 nm laser cleaner filter (Semrock, LL01-785-25) with only a 3 nm pass bandwidth.
This filter removes the residual laser emission wavelength longer than 790 nm, which will cause
severe background interference. Then the excitation beam was reflected by an 801nm edge
dichroic beam splitter DM801LP (Semrock, FF801-Di02) and focused by a lens with a 2.5 cm
focal length. The samples or rats’ ears were placed around the focal plane of the lens, manipulated
by a three-dimensional translation stage. Then we adjusted the position of the ear such that the
laser beam focused on the major vessel. The ICG fluorescence was epi-collected by the same
lens, transmitted the 801nm edge dichroic beam splitter, and passed a stack of filters to block
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the stray light of the excitation source. The filter sets include a 785 nm notch filter (Semrock,
NF03-785E-25), an 832 nm bandpass filter 832/37 BP (Semrock, FF01-832/37-25), and two 808
nm edge long pass filters 808 LP (Semrock, BLP01-808R-25). When the bias voltage of the
photomultiplier tube (PMT) increases above a threshold, the photocurrent of ICG fluorescence
will appear. This output current will build up signal voltages across the resistive load on the data
acquisition unit (DAQ) and be displayed on a personal computer (PC).

Fig. 1. Schematic diagram of a portable ICG fluorescent dosimeter. DM 801 LP: 801 nm
edge dichroic beam splitter; 832/37 BP: 832 nm centered bandpass filter filters; 808 LP:
808 nm edge long-pass filters; PMT: photomultiplier tube; DAQ: data acquisition unit; PC:
the personal computer.

Without laser excitation, even at a maximal bias (1V), the dark current induced signal was
below the detection limit of 2 mV, indicating a light-tight condition. When we turned on the
excitation laser at 50 mW, the back-scattered stray light that passed the blocking filters caused
bias-dependent background signals (Fig. S1). Above the 0.8 V bias voltage, the significant
background will interfere with the dosimetry. To figure out the optimal bias voltages and dynamic
range for ICG dosimetry, we performed preliminary tests by injecting 1x and 0.1x clinical
dosages. The peak signals right after tail-vein injection were 2.5 V (with 0.6 V bias) and 3.6
V (with 0.8 V bias), respectively. We confirmed that, within 3 V and 4 V output voltages, the
output signals have a linear dependence on the ICG concentration under 0.6 V and 0.8 V bias,
respectively. For 0.01x clinical dosage, the ICG fluorescence signals were comparable to the
background interference from the residual excitation photons.

2.3. Preparation of ICG solution

According to the literature, the fluorescence yields of ICG below 10 pg/mL are linearly dependent
on the concentration [26,27]. Considering a 70 mL/kg blood volume of a 400 g rat and a 43.7%
hematocrit, the 0.5 mg/kg clinical dosage (1x dosage) corresponds to a 12.7 ug/mL concentration
of dissolved ICG in circulation. This estimated in vivo concentration is close to the linear regime
of fluorescence dosimetry. For tail-vein administration, we prepared a 200 uL bolus injection of
ICG (Santa Cruz) solution with a 1 mg/mL concentration. For better solubility, the ICG solution
was mixed with 20% albumin solution at a volume ratio of 1:4.

2.4. Animal model

We used N-Nitrosodiethylamine (DEN) to induce cirrhosis and liver cancer on 6 weeks old
Wistar rats with 200 g weights. Four rats were divided into control, experimental group 1,
and experimental group 2. One rat assigned in the control group drank normal waters. For
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experimental group 1 (Rat 1) and group 2 (Rat 2 and Rat 3), we feed an aqueous solution of
50 and 100 ppm (v/v) DEN (Sigma-Aldrich, St. Louis, MO, USA) daily as the sole source of
drinking water for 42 days and 63 days, respectively. The DEN solution was prepared each week
and consisted of an individualized dose according to the weight gain/loss of the animal. If the
weight is 300-400 g, the DEN dosage would be 75 (group 1) and 150 ppm (group 2). If the
weight is over 400 g, the DEN dosage would be 100 (group 1) and 200 ppm (group 2). After the
DEN feeding period, rats drank normal water until 19 weeks old, which is the study’s endpoint.
Right before the endpoint, we performed ultrasound imaging of livers and ICG fluorescent
dosimetry on the rats. Then we drew the blood for biochemical assays and sacrificed the rats for
the histopathological examination of liver tissues.

2.5. Evaluate the liver lesion with the high-frequency ultrasonic imaging

The Prospect small animal ultrasound real-time image system in the experimental animal center
of National Taiwan University was used for in vivo liver investigation. The system operated
at 20 MHz acoustic frequency with a 30 um spatial resolution. This imaging modality can
non-invasively screen the presence of nodules in the rat liver. After anesthesia by Tribromoethanol
(Avertin), the rat was set at dorsal decubitus. The abdominal ultrasound mode B, with a 2-D
grayscale image, was applied. In addition, all parameters in the present experiment were fixed as
follows: Field of view: 80%. Start of depth:3.7 mm, Acoustic intensity: 46-50 dB.

2.6. Multiphoton imaging of ICG retention after intravenous administration

Before the tail-vein injection of ICG, we used in vivo THG imaging to find the flowing blood
cells and locate the corresponding blood vessel beneath the skin of a rat’s ear. At a low frame
rate, the THG signals of flowing blood cells will blur into a tube shape [ Fig. 2(a)]. Before ICG
injection, no TPF signal could be found in the region of vessels [Fig. 2(b)]. After injection (0.5
mg/kg), the TPF of ICG appeared immediately [Fig. 2(c)], reached the maximum at 1.5 minutes
post-injection [Fig. 2(d)], and decayed afterward. By measuring the TPF intensity of ICG in the
vessel, we could measure the time-course clearance curve of ICG.

Fig. 2. In vivo (a) THG (green) and (b-f) TPF (red) imaging of ICG in the vessel of a rat’s
ear. (b) TPF image before the injection of ICG. (c-f) TPF images of intravascular ICG at the
(c) 0.5 min, (d) 1.5 min, (e) 10 min, and (f) 15 min post-injection.
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2.7. Generate the ICG retention curve with the image processing

For the multiphoton ICG fluorescence dosimetry system, we selected a region of interest (ROI)
in the TPF-image revealed vessels and calculated the average ICG fluorescence intensity by
the ImageJ software. The ROI area was 5 pm X 5 pm and located in the blood vessels without
touching the blood vessel walls. Then we could generate data points from each frame of
time-course imaging and obtain the ICG retention curve. We modeled the retention curve using
the exponential decay function y(t)=yo + Aexp(-t/t), where yy is the constant background value,
and 1/t represents the ICG clearance rate. Then we could obtain the clearance time t of ICG
after tail-vein injection. For a single-photon fluorescence dosimetry system, the ICG retention
curve could be generated by the software of the data recorder.

2.8. Quantify the liver damage hallmarks

To evaluate DEN-induced liver damage, we collected 10 mL whole blood from rats and centrifuged
(5 min at 1,200g, room temperature) it after being sacrificed using the cervical dislocation method.
Then the damage hallmarks in serum were investigated by rat enzyme-linked immunosorbent
assays. The quantified hallmarks include serum albumin, total bilirubin, glutamic pyruvic
transaminase (GPT), and glutamic oxaloacetic transaminase (GOT). All the measurements were
performed by the animal center of the National Taiwan University College of Medicine.

2.9. Hematoxylin-Eosin and Masson Staining for Liver Histopathology

After being sacrificed, the rat liver and tumor were removed. Those tissues were fixed in 10% for-
malin solution for 24 hours before the paraffin-embedded blocks were made for histopathological
studies. Hematoxylin-Eosin (HE) staining and Masson staining (MS) were carried out on 5 um
sections. The staining results were imaged by Nikon Eclipse NIE microscope and evaluated by a
pathologist.

2.10. Ethical statement

All rats were acclimatized in plastic cages and taken care of by the animal center. The experimental
animal protocol above was approved by the National Taiwan University College of Medicine
and College of Public Health Institutional Animal Care and Use Committee (IACUC) with
file numbers 2012002 and 20090352. For the ICG imaging of patients’ HCC liver tissues, the
protocol was approved by the research ethics committee in Zhujiang Hospital, Southern Medical
University (No. 2014-GDYK-008).

3. Results

3.1.  Serum hallmarks reflect the liver damage by full-dose DEN feeding

The Wistar rat in the control group was healthy without any liver disease. Its serum levels of
albumin, total bilirubin, GPT, and GOT were 4.1 g/dL, 0.4 mg/dL, 58.5 U/L, and 85.5 U/L,
respectively. For Rat 1 in Group 1, its liver function was not seriously damaged by the reduced
DEN feeding (Table S1), and neither tumor nor cirrhosis was found. For Rat 2 and Rat 3 in
Group 2, serum GPT and GOT levels were significantly increased. Moreover, Rat 3 has raised
bilirubin level. These biochemical assays indicate that full-dosage DEN feeding results in liver
damage, while the half-dosage one does not.

3.2. Ultrasound image results of the animal model

Then we used high-frequency small animal ultrasound imaging to search tumor nodules or
cirrhosis features in vivo. The control rat’s image has a smooth reflection of the liver by the
ultrasound [Fig. S2(a)]. Rat 1 has similar imaging quality of the liver, and there was no significant
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difference to the control group [Fig. S2(b)]. Due to severe damage, Rat 3 shows enlarged liver
and non-even brightness in the liver ultrasound images (Figure S2(c)). The focal area with
increased signal indicated the occurrence of cirrhosis. Interestingly, the liver of Rat 2 had a
tumor sign (indicated by the yellow arrow in Figure S2(d)), but the entire liver surface was still
with a relatively smooth ultra-sound reflection.

3.3. Liver lesion confirmed by H&E and Masson staining

The hematoxylin and eosin (H&E) staining can clearly distinguish the nucleus and cytoplasm to
observe the cell type [28]. The blue-violet color will reveal basophilic structures, such as the
nucleus, nucleic acid, and ribosome; Red, pink, or orange colors will reveal acidic structures,
such as the cytoplasm. Red blood cells will present bright red, and cytoplasm will be stained into
different shades of pink to fuchsia. Masson staining (MS) can distinguish between normal cells
and surrounding connective tissue, which is commonly used in histology to observe the growth of
collagen and to determine the degree of fibrosis [28,29]. In MS, keratin and muscle fibers reveal
red, collagen and bones reveal blue or green, the cytoplasm is light red or pink, and the nucleus
is dark brown. In the control group, the liver cells were evenly distributed, and the cell size was
normal. Rat 1 had more dense cells surrounded by the central artery or the hepatic portal vein,
but the sheath of the liver portal was still normal cells. The area of the liver portal was enlarged
compared with the control group. Liver plates are arranged neatly without pseudolobules. For
Rat 3, in addition to the dense aggregation of cells around the blood vessels, the sheath had a
significantly filamentous extension of the fiber into the hepatocytes and fibrosis (red, Fig. S3).
And the liver cell areas were extremely uneven, which indicated the liver plate system rearranged.
Pseudolobular patterns were observed (Fig. S4), representing severe liver cirrhosis. For Rat 2,
non-tumor regions showed regenerated hepatocytes. Fibrosis was widely present in the liver (Fig.
S5), but this type of fibrosis preserves better liver function. These biochemical assays of serum,
in vivo ultrasound images, and histopathological images above conclude our DEN-feeding rat
model successfully induced liver cancer and cirrhosis.

3.4. Validate change of liver function by multiphoton dosimetry of ICG fluorescence

Then we administered a bolus of ICG through the tail-vein of rats for multiphoton fluorescence
dosimetry. We want to check whether the ICG leaks into tissues or not. In the control rat, the
fluorescence intensity decayed below 10% within 15 minutes [ Fig. 3(b)]. Fitted by the single
exponential decay formula y(t)=yo + Aexp(-t/t), the curve [red curve in Fig. 3(b)] has yo = 3.88,
A =127.42, and Tt =4.46 minutes (Table S2). Rat 1 also has a fast clearance of ICG [red curve
in Fig. 3(c)] with ©=3.82 minutes. In contrast, liver cancer in Rat 3 slowed down the ICG
metabolism [green curve in Fig. 3(c)] and increased the retention time to 13.9 minutes (Table S2).
The corresponding ICG-R15 is above 40%. For Rat 2, even though it has high GPT/GOT serum
levels and a tumor nodule in the liver’s ultrasound image, it still maintains a good clearance rate
as that of the control rat.

3.5. In vivo measurement of the ICG retention curve with 785 nm laser

After validating that ICG fluorescence decay could report the alteration of liver function by liver
cancer, we built up a 785 nm laser-based ICG fluorescence dosimeter as a portable system for
clinical use. From the 785 nm excited ICG fluorescence spectra, we confirmed the fluorescence
dosimetry is linear at concentrations below 10 pg/mL (Fig. S6). The 14 pg/mL data point
showed an efficiency saturation, which agrees with the literature [26,27]. Since the 1x dosage is
already at the saturation edge, we first investigated whether we could use a lower dosage of ICG
to achieve liver function evaluation. In humans, over 90% ICG in blood could be metabolized
and cleared within 15 minutes [30]. We used 1 and 1/10 times of the clinic dosage to administer
ICG in healthy rats. With the excitation output power of 50 mW, PMT voltage value of 0.4V, the
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Fig. 3. (a) Experimental protocols of DEN feeding by weeks for rat liver lesion model.
Group 1 was fed by a half dose of DEN compared with Group 2. The 19th week is the
endpoint of studies. (b) The retention curve of normalized ICG fluorescence in the vessels
of the control rat (black curve). We use single exponential decay to fit the data (red curve).
(c) Comparison of the retention curves of ICG in different Rats.

background signal was from 0.15 to 0.17 volts. Since the hemoglobin has a higher absorption
constant than extravascular matrices, we could identify the region with blood vessels by the
variation of back-scattered 785 nm signals. The retention curves for both dosages are measurable,
and as we expected, they all presented 10% ICG-R15 (Fig. 4). Fitted by a single exponential
decay model y(t)=yo + Aexp(-t/t), the corresponding lifetime is on average 4.560 minutes for rats
with 1x ICG and 4.759 minutes for rats with 0.1x ICG (Table S3). The decay time T could serve
as a quantitative index to evaluate the liver’s metabolic function.

Fig. 4. The ICG retention curves of (a) 1x (2 rats) and (b) 0.1x (3 rats) clinical ICG dosage
(1x=0.5mg/kg). PMT voltage was 0.6 volts and 0.8 Volt, respectively.

4. Discussion

Except for aggregation-induced quantification error, some other physiological conditions may
affect the correctness of liver function evaluation. The factors include the serum bilirubin level,
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the hepatic blood flow [31], the cirrhosis-induced hepato-splanchnic hypoperfusion [31,32], and
the accumulation of ICG in cholestasis regions of the well-differentiated HCC (Fig. S7). Besides,
the iodine in the formula compound of ICG may cause an allergy [33]. Even so, the integration
of the ICG-R15 test with the MELD score can still increase the accuracy of survival prediction
than using the MELD score alone [34]. Thus, the ICG-R15 tests still attract clinicians to better
predict liver failure after liver resection, especially in HCC patients with cirrhosis [35].

Here, we exploit the advantages of non-invasiveness and low background interference of
ICG fluorescence dosimetry to evaluate liver function reserve. This approach can avoid the
psychological stress caused by multiple blood sampling and reduce the artificial effects. It is also
possible to predict the 15-minute retention level of ICG at the 3-4 minutes after injection. In
addition, our method reduces the dosage of ICG, which is expensive, and the iodine may cause an
allergic reaction in some patients with iodine allergies. Our results demonstrate that 1/10 clinical
dosage is possible to evaluate liver function.

Then we apply this ICG fluorescence dosimetry in the HCC animal model. We found that rat 3
in the HCC condition has an ICG-R15 higher than 40%. That prolonged ICG circulation indicates
an insufficient capacity of liver metabolism. Its liver showed an apparent tumor nodule in the
high-frequency ultrasound image [Fig. S2(d)]. The architectural distortion and pseudolobules
formation appeared in the histopathology images [Fig. S4(c) & 4(d)]. In contrast to rat 3, both
half-dosage rat 1 and full-dosage rat 2 have similar ICG decay time (4-5 minutes) to control rats.
HCC rat 2 still has a normal liver function because the liver has less severe fibrosis and a smaller
tumor area [See Fig. S2(c) and S5]. These pieces of evidence support the notion that the ICG
fluorescence dosimetry can reflect the degraded function reserve in the HCC liver. With more
pre-clinical and clinical validation, we believe the 785 nm excited single-photon fluorescence
dosimeter of circulated ICG can quickly assess the ICG retention right after the administration
and help the medical doctors to decide the patient’s liver function reserve.
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