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Accurate evaluation of liver function is a central task in hepatology. Dynamic liver function
tests (DLFT) based on the time-dependent elimination of a test substance provide an
important tool for such a functional assessment. These tests are used in the diagnosis
and monitoring of liver disease as well as in the planning of hepatobiliary surgery. A
key challenge in the evaluation of liver function with DLFTs is the large inter-individual
variability. Indocyanine green (ICG) is a widely applied test compound used for the
evaluation of liver function. After an intravenous administration, pharmacokinetic (PK)
parameters are calculated from the plasma disappearance curve of ICG which provide
an estimate of liver function. The hepatic elimination of ICG is affected by physiological
factors such as hepatic blood flow or binding of ICG to plasma proteins, anthropometric
factors such as body weight, age, and sex, or the protein amount of the organic
anion-transporting polypeptide 1B3 (OATP1B3) mediating the hepatic uptake of ICG.
Being able to account for and better understand these various sources of inter-individual
variability would allow to improve the power of ICG based DLFTs and move toward an
individualized evaluation of liver function. Within this work we systematically analyzed the
effect of various factors on ICG elimination by the means of computational modeling. For
the analysis, a recently developed and validated physiologically based pharmacokinetics
(PBPK) model of ICG distribution and hepatic elimination was utilized. Key results are (i) a
systematic analysis of the variability in ICG elimination due to hepatic blood flow, cardiac
output, OATP1B3 abundance, liver volume, body weight and plasma bilirubin level; (ii) the
evaluation of the inter-individual variability in ICG elimination via a large in silico cohort of
n = 100,000 subjects based on the NHANES cohort with special focus on stratification by
age, sex, and body weight; (iii) the evaluation of the effect of various degrees of cirrhosis
on variability in ICG elimination. The presented results are an important step toward
individualizing liver function tests by elucidating the effects of confounding physiological
and anthropometric parameters in the evaluation of liver function via ICG.

Keywords: indocyanine green, mathematical model, computational model, pharmacokinetics, liver function, ICG,
PBPK, liver cirrhosis
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1. INTRODUCTION

Accurate evaluation of liver function is a central task in
hepatology. Dynamic liver function tests (DLFT) based on time-
dependent elimination of test substances provide an important
tool for the functional assessment of the liver. These tests are used
in the diagnosis and monitoring of liver disease as well as in the
planning of hepatobiliary surgery.

Indocyanine green (ICG) is a widely applied test compound
used for the evaluation of liver function. It is bound to
plasma proteins in the blood, eliminated exclusively by the
liver, and subsequently excreted into the bile. It is not
reabsorbed by the intestinal tissue and therefore does not
undergo enterohepatic circulation (Wheeler et al., 1958). After
intravenous administration of ICG, the plasma disappearance
curve of ICG is measured. Repeated plasma sampling with ex-
vivo photometric measurements of ICG concentration is the
gold standard for determining the ICG plasma disappearance
curve. Alternatively, pulse dye densitometry (PDD) can be
used as a non-invasive method. PDD measures ICG plasma
concentration by measuring absorption at wavelengths of 805 nm
(absorption maximum of ICG) and 905 nm (no absorption by
ICG) (Vos, 2015). Measurements from both methods correlate
well (Purcell et al., 2006). From the concentration-time profile a
set of pharmacokinetic parameters can be calculated (e.g., ICG
clearance, plasma disappearance rate (ICG-PDR), retention ratio
after 15 min (ICG-R15), ICG half-life), which provide estimates
of liver function based on the ICG elimination capacity of the
liver (Sakka, 2018; Koller et al., 2021).

A major challenge in DLFTs based on the elimination of test
substances such as ICG is the large inter-individual variability
in their elimination. Physiological factors such as hepatic blood
flow, binding to plasma proteins, or the amount of transport
protein mediating the hepatic ICG uptake can influence the
elimination of ICG. Furthermore, ICG elimination is generally
reduced in liver disease and altered by surgical interventions
such as partial hepatectomy (Koller et al., 2021). For example
liver cirrhosis, which is the end-stage of most chronic liver
diseases, 2reduces ICG-elimination and increases half-life of ICG
significantly. The loss of liver function in cirrhosis is primarily
caused by scarring and necrosis of liver tissue thereby reducing
functional liver mass, reduced hepatic blood flow due to higher
portal resistance (portal hypertension) and the formation of
shunts which bypass a portion of the liver’s blood supply past the
liver, preventing the elimination of ICG (Tsochatzis et al., 2014).

1.1. Blood Flow

The elimination of ICG depends strongly on hepatic blood
flow due to its high hepatic extraction-ratio (0.6-0.9 in healthy
subjects Grainger et al., 1983). The extraction-ratio is the fraction
of drug that is removed from the plasma after a single pass
through the liver. The effect of varying hepatic blood flow on
ICG-elimination has been studied by various groups. Kanstrup
and Winkler (1987) found a strong positive correlation between
hepatic blood flow and ICG-clearance when altering hepatic
blood flow either pharmacologically or by food ingestion. Rowell
et al. (1964) reported a strong positive correlation between

changes in hepatic blood flow and ICG-clearance during exercise
in healthy subjects but poor correlation in cirrhosis. Gadano et al.
(1997) and Huet and Villeneuve (1983) studied the dependency
of ICG-clearance on hepatic blood flow in cirrhotic and healthy
subjects. Huet and Lelorier (1980) were interested in the effects
of smoking and chronic hepatitis B reporting hepatic blood flow
and ICG parameters.

Hepatic blood flow results from the interplay of various
factors such as blood pressure, portal resistance and cardiac
output. Further, it is often altered in disease (e.g., in portal
hypertension Iwakiri, 2014) and after liver surgery (e.g., partial
hepatectomy Kawasaki et al., 1991). As a consequence, accurate
evaluation of liver function via ICG pharmacokinetics is
challenging in diseases that affect systemic circulation (e.g.,
cardiac output) or hepatic blood supply. A better understanding
of the effects of blood flow on ICG elimination would enable a
more accurate evaluation of ICG liver function tests.

1.2. Transport Protein (OATP1B3)

ICG is removed from the blood via transporter-mediated uptake
into the hepatocytes. Two proteins on the sinusoidal membrane
are mainly responsible for the hepatic uptake of ICG in humans,
the organic anion transporting polypeptide 1B3 (OATP1B3, gene
symbol: SLCO1B3) and the Na'-taurocholate cotransporting
polypeptide (NTCP) (de Graaf et al., 2011; Kagawa et al., 2017).
OATPIB3 is the major transporter for hepatic ICG uptake and
subjects with a homozygous SLCO1B3 null allele show markedly
impaired ICG clearance (Anzai et al., 2020).

The OATP level in hepatocytes has a large impact on
plasma concentrations of various drugs (Schneck et al., 2004;
Giacomini et al., 2010; Schipani et al, 2012). In human
subjects, a large variability in the protein amount of OATP1B3
exists (Kimoto et al., 2012; Prasad et al., 2014; Burt et al., 2016).
The OATP1B3 level does not depend on age or sex (Prasad
et al., 2014) though some dependency on ethnicity has been
reported (Peng et al., 2015).

1.3. Plasma Proteins and Bilirubin

ICG is bound to plasma proteins (serum albumin and
lipoproteins) (Kamisaka et al., 1974; Ott, 1998). It has been
suggested that these plasma proteins are involved in the hepatic
uptake mechanism of ICG at the sinusoidal membrane (Berk
et al., 1987; Shinohara et al., 1996). However, no consensus
about the effect of plasma proteins on ICG uptake has been
reached. In contrast, the effect of bilirubin on ICG uptake has
been extensively studied. Bilirubin is an end product of heme
degradation which is primarily located in the blood and is almost
completely bound to albumin (Fevery, 2008; Maruhashi et al.,
2019). Significant negative correlation between ICG elimination
and plasma bilirubin levels has been reported (Paumgartner et al.,
1969; Branch et al., 1976). Changes in bilirubin plasma levels are
often induced by hepato-biliary diseases, with the prime example
being Gilbert’s disease (Fretzayas et al., 2012). Further, increased
bilirubin plasma levels can be caused by biliary obstruction
or viral hepatitis and are used as an indicator of acute liver
failure (Sullivan and Rockey, 2017).
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1.4. Anthropometric Factors

An important question for the individualized and stratified
evaluation via DLFTs is how factors such as body weight, age, and
sex affect the elimination of the test substance. As summarized
by Kim et al. (2015), age has a significant effect on liver volume,
blood flow, and function. A reduction of functional liver mass,
total liver volume, and a decrease in hepatic blood flow are the
most relevant age induced changes to the liver. Additionally, the
susceptibility to liver disease increases with age accompanied by a
decline in the hepatic regenerative response which has substantial
consequences for liver surgery (Schmucker, 2005). Reduced ICG
clearance with increasing age has been reported by Wood et al.
(1979). Liver volume and body weight have been shown to
correlate well in western adults (Vauthey et al., 2002). Due to the
dependency of ICG elimination on liver volume (Roberts et al.,
1976), body weight is an important factor to be considered in
the evaluation of liver function with ICG. Because of significant
differences in average body weight and organ volumes between
male and female subjects, sex is another important factor in the
analysis of variability in ICG liver function tests. However, Martin
et al. (1975) reported no variations in ICG-clearance per kg
body weight between male and female subjects, while reporting
significantly increased ICG-PDR in women.

Within this work we systematically investigated the individual
contribution of these factors to the large inter-individual
variability in liver function tests based on ICG using a recently
developed and validated physiologically based pharmacokinetics
(PBPK) model of ICG (Koller et al., 2021).

2. MATERIALS AND METHODS

The presented work utilizes a recently established and validated
PBPK model of ICG distribution and hepatic elimination
(Figure 1). The model is encoded in the Systems Biology
Markup Language (SBML) (Hucka et al, 2019; Keating
et al, 2020) and was developed using sbmlutils (Konig,
2021b), and cy3sbml (Konig et al, 2019). It is an ODE
based model that consists of compartments (e.g., organs,
blood vessels), species (e.g., ICG, bilirubin), reactions (e.g.,
transport reactions) and parameters (e.g., reaction kinetics,
physiological constants). Simulations were performed using
sbmlsim (Konig, 2021a) based on the high-performance SBML
simulator libroadrunner (Somogyi et al., 2015). We refer to Koller
et al. (2021) for more details on the computational model, the
model simulations, the data curation process, the calculation of
pharmacokinetic parameters, and the implementation of liver
cirrhosis. No model changes were performed compared to the
model described in Koller et al. (2021).

2.1. Parameter Scans

Parameter scans (Figure2) were performed by varying the
model parameters corresponding to the relative change in
hepatic blood flow fyedfiow [-], relative change in cardiac output
Seardiac_outpur [-], relative change in OATP1B3 amount foup1p3,
liver volume FVIi [I/kg], body weight BW [kg], and plasma
bilirubin concentration bil.[-]. The parameter values of the
unchanged model are indicated as reference in the plots. For the

relative changes foioodfiow» feardiac_output> a0d foarp1p3 the reference
parameter value is 1.0 [-]. Bilirubin scans were performed on a
log scale whereas all other scans were performed on a linear scale.
Most simulations were performed for four different cirrhosis
degrees by varying the fimosis parameter. This parameter
determines the fraction of lost liver tissue and shunted blood
around the liver. Values of f;.psis used for the simulations of
controls, mild, moderate and severe cirrhosis are 0.0, 0.40, 0.70,
and 0.81, respectively.

2.2. In silico Population

For the analysis of variability in ICG pharmacokinetics, a large
dataset of in silico individuals was created (see Figure 5). Age,
body weight, sex, height, and ethnicity were based on subjects
sampled from the National Health and Nutrition Examination
Survey (NHANES) spanning the years 1999-2018 (NHANES,
1999-2018). Due to the sampling from a real cohort it was
possible to account for the covariances between the respective
variables. Children and adolescents (age < 18 years), obese
subjects (BMI > 30), and subjects with age > 85 from 1999 to
2006 and > 80 from 2007 to 2018 (due to top coding in NHANES
at 85 and 80 years, respectively) were excluded. The resulting
35,427 subjects were oversampled to reach 100,000 individuals.
This ensured sufficient samples in all stratified subgroups. Based
on the age of a given individual, liver volume and hepatic blood
flow were determined by multivariate sampling of liver volume
per body weight and hepatic blood flow per body weight from
the respective age distribution and subsequent multiplication
with the individual body weight. This allowed to account for the
covariances between liver volume and blood flow as well as the
dependency of age. The normal distributions and covariance-
matrices used for the sampling were calculated from data from
Wrynne et al. (1989). The transport protein amount (OATP1B3)
was sampled independently from a lognormal distribution that
was fitted to data from Peng et al. (2015). The OATP1B3
distribution was assumed age and sex independent as reported
by Prasad et al. (2014). Individual model simulations were
performed by adjusting the model parameters corresponding to
individual body weight BW [kg], liver volume FVIi [1/kg], hepatic
blood flow fyipedfiow [-], and amount of OATPIB3 foup1p3 |-
]. The scaling factors fyioodfiow and foap1ps describe the relative
change from the model reference state. Individual ICG liver
function test simulations were performed by administering 0.5
[mg/kg] ICG to the respective virtual individual and calculating
the pharmacokinetics parameters on the resulting time course.

3. RESULTS

3.1. PBPK Model

The systemic blood flow of the PBPK model is based on the
cardiac output, which is scaled by the body weight. The liver is
perfused through a dual blood supply consisting of arterial blood
from the hepatic artery and venous blood from the portal vein.
All organs besides the liver, the gastrointestinal tract, and the lung
were pooled into the rest compartment. The included hepatic
metabolism and biliary excretion are depicted in Figure 1B. ICG
is imported in the liver via OATP1B3. Hepatic ICG is exported
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FIGURE 1 | Model overview: (A) PBPK model. The whole-body model for ICG consists of venous blood, arterial blood, lung, liver, gastrointestinal tract, and rest
compartment (accounting for organs not modeled in detail). The systemic blood circulation connects these compartments. (B) Liver model. ICG is taken up into the
liver tissue (hepatocytes) via OATP1B3. The transport was modeled as competitively inhibited by plasma bilirubin. Hepatic ICG is excreted in the bile from where it is
subsequently excreted in the feces. No metabolism of ICG occurs in the liver. Figure adapted from Kdller et al. (2021).

ICG (bile) ICG (feces)

through the bile and subsequently excreted via the feces. The
effect of bilirubin on hepatic ICG uptake was modeled as a
competitive inhibition based on the assumption that ICG can
only be eliminated from the plasma if bound to plasma proteins.
Due to the sequestration of plasma proteins bilirubin acts as
a competitive inhibitor of ICG elimination, as both substances
compete for plasma protein binding sites. Plasma bilirubin levels
change slowly compared to the timescale of ICG liver function
tests (about 15 min) and were therefore assumed in steady-state.
Liver cirrhosis was modeled by a combination of functional tissue
loss and shunts. For a detailed description of the model we refer
to Koller et al. (2021).

3.2. Variability Due to Physiological Factors
First a systematic analysis of the effect of physiological variation
on ICG parameters was performed (see Figure 2). Specifically,
the dependency of ICG-clearance, ICG-PDR, ICG-R15 and
ICG-ty/2 on hepatic blood flow, cardiac output, transport
protein amount (OATP1B3), liver volume, body weight, and
plasma bilirubin was analyzed. An increase in all physiological
factors except the plasma bilirubin concentration results in an
increase in ICG elimination (increased ICG-PDR and ICG-
clearance, reduced ICG-R15 and ICG-t;/;). Changes in blood
flow, OATPI1B3 level, and liver volume have similar nonlinear
effects on ICG parameters, whereas the body weight has an
almost linear effect on ICG-clearance but only minimal effects
on the other parameters. In the model, liver volume (tissue
and blood vessels) are scaled with the body weight. As a result
the plasma volume which is cleared from ICG every minute
(clearance) increases with the body weight, without any change
to the plasma disappearance rate, retention ratio or half-life.

Mild, moderate and severe cirrhosis reduce ICG elimination
(decreased ICG-clearance and ICG-PDR, increased ICG-R15 and
ICG-t1/2) in a stepwise fashion without changing the overall
curve shapes. This reduction is reflected by the clinical data,
due to a loss of function in liver cirrhosis. As a result of their
calculation, ICG-t;/, and ICG-PDR (kel - 100%) show inverse
behavior when ICG-elimination is altered (t; ;, = [n(2)/kel). The
model predictions under the assumption that cirrhosis can be
described as a combination of reduced functional liver volume
and shunting of blood around the liver (see Koller et al., 2021 for
details) are in good agreement with the data.

3.3. Validation of Physiological Factors
Model predictions were validated with data from multiple
publications. An overview over all data sets used is provided in
Table 1. For the dependencies on physiological factors clinical
data sets from healthy controls and subjects with mild, moderate
and severe cirrhosis corresponding to Child-Turcotte-Pugh
(CTP) classes A, B, and C, respectively, were used (see Figure 2:
ICG-clearance, ICG-PDR, ICG-R15, and ICG-t;;; depending
on hepatic blood flow (Skak and Keiding, 1987; Grundmann
et al, 1992; Moller et al, 1998, 2019; Pind et al, 2016);
ICG-clearance, ICG-R15 and ICG-t;/; depending on cardiac
output (Grundmann et al., 1992; Pind et al., 2016); ICG-PDR
and ICG-R15 depending on OATP1B3 (Namihisa et al., 1981;
Kagawa et al.,, 2017; Anzai et al, 2020); ICG-clearance, ICG-
PDR, and ICG-R15 depending on liver volume (Roberts et al.,
1976; Hashimoto and Watanabe, 2000; Haimerl et al., 2016); ICG-
clearance and ICG-PDR depending on body weight (Huet and
Villeneuve, 1983; Haimerl et al., 2016). The model predictions
show very good agreement with the validation data.

Frontiers in Physiology | www.frontiersin.org

4 November 2021 | Volume 12 | Article 757293



Koller et al.

ICG Liver Function Test Variability

—— Control —~— Control | —e— Control 120 —e— Control
1400+ —o— wid cirthesis 40| —e— Mid cimosis 100 —e— Mild cirthosis ‘ —e— Mild cirthosis
. e~ Voderate cirrosis ~e— Moderate cirrhosis —e— Moderate cirhosis - e~ Moderate cirrhosis
'S 1200 —e- Severe cirthosis —e— Severe cirrhos's —o— Severe cirmosis ~e— Severe cirrhesis
£ +  Grundmann 1992 controls T + Mocller 2019 CTP AC 80 4 Pind 2016 CTPAC - + Grundmann 1992 contro's
£ 10001 + Skak 1987 controls £ 9 + Voeller2019CTPAC | £ g +  Mosller 2019 CTP A-C
= 4+ Pnd 2016 CTPAC 3 & i 3
$ go0. 4 Moeller 1998 CIPAC = in 60 —1 -
£ & 20 ’M/M‘ o N 5 60
£ 600 [ & T4 £
9 - ) o ] \\T\ T, S w0
¥ 400 €10 JUBUOSS o) =
Q
o0 MISESRTe) 20 T ———
2 2001 == = <0 |
Sy Tescssoes]
0+ i o 0 IRas S REEDe-e-5-= 0
00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
Hepatic blood flow [I/min] Hepatic blood flow [I/min] Hepatic blood flow [I/min] Hepatic blood flow [I/min]
1000 e Control | —e— Control —e— Control 120 —e— Control
—e— Mild cirrhosis. 40{ —e— Mild cirthosis 1004 —e— Vild cirrhosis —— Mild cirrhosis
- —e— Moderate cirthosis —e— Moderate cirrhosis —e— Moderate cirthos's —e— Moderate cirrhosis
£ 800| _,_ severe cithosis L —e— Savere cirthosis —e— Severe cirrhasis 100 —e— Severe cirthosis
E T t 804 4 Pnd2016 CTPAC 4 Grundmann 1992 contrels
E + Grundmann 1992 controls £, ! =
£ #+ Pind 2016 CTP AC £ i 9 g 8
= 600 / 1 3 i S £
g | = ) 2 ™
s H &2 d "4 g 60
H : p .
! : 5
£ 400 : & ! 8 w0 _+_*‘*m1 &
9 f ) ] 2 10
° ; 9] ; )
g o i e | 3 & —+ 20 K
= | - esoos
St e N
0 H 0 i, . . . 01 | A . 0 ¢ : 4
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Cardiac output [I/min; Cardiac output [I/min; Cardiac output [I/min Cardiac output [I/min;
P! P! P
b —— Control T —— Control —e— Control 120 —e— control
—e— Mild cirrhosis a0 —e— Mild cirthos's 100 —e— Mild cirrhosis —e— Mild cirrhosis
- —e— Moderate cirthosis —e— Moderate cirrhosis —e— Moderate cirrhosis 100 —e— Moderate cirrhosis
£ 8001 o cevere cirrhosis —e— Severe cirrhosis —e— Severe cirthosis B —e— Severe cirrhosis
£ ; T 1 Namihisa 1931 excretory defect 807 *  Anzai 2020 homozygote -
H ! €30 H 9 4 Anzai 2020 wildtype £ g
= 600 : oy H = 4 Anzai 2020 heterozygote E
g : s H n 601 4 Kagawa 2017 homozygote
: ! 9 =
H € 60
H ! &2 ! & 2
L 200 ! o 1 Y] bt
3 5 i Q 107 Y
g f 8 | 2 g w0
b i bt !
8 200 H ¢ ! 20 20
- i - o—a—o—0-0—0 T S o e .
] elesseeoo oot
eesons ) m
0 ; 0 ; 0+ ; 0
0.5 1.0 15 0.0 0.5 1.0 15 0.0 05 1.0 L5 05 10 15
OATP1B3 [-] OATP1B3 [-] OATP1B3 [-] OATP1B3 [-]
1 T 7 T
900 —— Control —e— Control —e— Control 120 ‘ —e— Control
o vl cinies 401 —e— Mild cirrhos's 100+ —e— Mild cirrhosis —e— Mild cirrhosis
- —e— Moderate cirrhosis —e— Moderate cirrhosis —e— Moderate cirrosis 100 —e— Moderate cirrhosis
£ 8001 _o_ covere clrrhosks —e— Severe cirrhosis —e— Severe cirrhosi —e— Severe cirrhosis
£ ® Roberls 1976 controls T #  Haimer 2016 controls 80 4 Hashimoto 2000 controls =
H wpg E30] # Heimer 2016 CTPAC I 4 Hashimoto 2000 cirthos's .S gg
= 600 3 |+ veshimoo 2000 comiots o owe=t | £
] § 4 Hashimoto 2000 cirrhosis in 60/ -
H & 20 Co P -~ z %
= < <
8 400 e & Teeeeee, S
s % i g 4 &
3 ] = N“*mm g "
] bo] )
Y 20
g 20 beoeeees | 20| 20
i ”%w- ez RS S,
o i 0 0l TS e eeeee 0
05 10 15 20 25 30 05 1.0 15 20 25 30 05 10 15 20 25 30 05 10 15 20 25 30
Liver volume [I] Liver volume [I] Liver volume [I] Liver volume [I]
45 T T
—e— Contral —e— Control 100 - Control 120 —e— Contral
—e— Mild cirthosis 40 —e— Mild cirrhosis o= Midcimhosis 78— Mild cirhosls
= —e— Moderate cirrhosis —e— Moderate cirrhosis T°= Moderate cimhosis 100 ==aModarate cirhosls
£ 800° o gevere cirrhesis 35 o Severe cirthosis —e— Severe cirosis —e— Severe cirthosis
£ # Huct 1983 cirthosis Mean#SE I 4+ Haimerl 2016 controls 80 z
£ £ 30 4 Haimerl 2016 CTP AC I = 80
= 600 3 = E
o S — 0 60 -
9 - E
g & UORSS S, 4 L SN M 8 60
® 400 20 It 5
© 400 Qo ¥
o p ER R s SO UUUTUUN . |
i | 8 — A
o - P ARt
O 200- s 10 20
- M*’ ’ e R e e Sy 2
P s A, 0 b T TR
o 5 pmm 4t 00 0o s seieeeoreeoes
40 60 80 100 40 60 80 100 40 60 €0 100 40 60 80 100
Body weight [kg] Body weight [kgl Body weight [kgl Body weight [kg]
T —— Control 1 —e— Control 120{ — control ]
o Ml cinhosis 40{ —e— Mild cirrhos's 10071 —o— Mild cirrhosis —e— Mild cirrhosis
- —e— Moderate cirrhosis —e~ Moderate cirhosis ~e— Moderate cirrhosis 00| —* Moderate irthosis
E 8001| o severe cirrhosis |~ severecirthosis —e— Severe cirthosis 10071 o severe cirrnosis
c -
=30 -~ £
£ £ L ‘£ 80
= 600 N < E
8 = n -
£ © 2 € 50
e 820 - £
5 400 o 8 :;
'] .2
T.’ 8 [¥] 40
9 10
200
g ”"‘“—.‘\ 20
0 0 0
102 107 101 103 -2 0-t 103 102 10 103 102 101
Plasma bilirubin [mmole/I] Plasma rubin [mmole/I] Plasma bilirubin [mmole/l] Plasma bilirubin [mmole/I]

. Control

[l vitd Cirrhosis

. Moderate Cirrhosis

. Severe Cirrhosis
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FIGURE 2 | unchanged model, are indicated as vertical gray dashed lines. Simulations were performed for four different cirrhosis degrees (see Section 2.1): Black:
control, blue: mild cirrhosis: purple: moderate cirrhosis, red: severe cirrhosis. (A) Dependency on hepatic blood flow. Clinical data from Grundmann et al. (1992), Pind
et al. (2016), Skak and Keiding (1987), and Moaller et al. (1998, 2019). For additional data see Figure 3. (B) Dependency on cardiac output. Clinical data (Grundmann
et al., 1992; Pind et al., 2016). (C) Dependency on transport protein amount (OATP1B3). Clinical data from Anzai et al. (2020), Namihisa et al. (1981), and Kagawa

et al. (2017). Heterozygote null variants with 0.5 activity, homozygote null variants with 0.0 activity. (D) Dependency on liver volume. Clinical data from Haimerl et al.
(2016), Hashimoto and Watanabe (2000), and Roberts et al. (1976). (E) Dependency on body weight. Clinical data from Haimerl et al. (2016) and Huet and Villeneuve
(1983). (F) Dependency on the plasma bilirubin concentration. For additional data see Figure 4.

Additional validation of the model predictions were
performed for the dependency of ICG parameters on blood flow
(see Figure 3) and plasma bilirubin (see Figure 4).

Figures 3A,B show the relation between ICG-clearance and
hepatic blood flow in healthy subjects and patients of liver
cirrhosis. ICG-clearance is reduced in liver cirrhosis. The
simulations were performed for healthy controls and three
different degrees of cirrhosis (mild, moderate, severe) and are
in good agreement with the clinical data (Huet and Lelorier,
1980; Huet and Villeneuve, 1983; Gadano et al., 1997). Figure 3C
shows the change in ICG-clearance due to an externally induced
change in hepatic blood flow by exercise, food ingestion or
pharmacological intervention (Kanstrup and Winkler, 1987) with
the corresponding model simulation. The relation is predicted
accurately by the model, with an increase in blood flow resulting
in an increased clearance of ICG. In Figure 3D the dependency
of the ICG extraction ratio on the hepatic blood flow is depicted.
With increasing hepatic blood flow the extraction ratio decreases
with model predictions for healthy and cirrhotic subjects being in
good agreement with the data (Leevy et al., 1962).

The bilirubin plasma concentration in healthy subjects shows
little variation (Figures 4A-C,E,F). However, in liver cirrhosis
and other liver diseases bilirubin levels may vary by an order
of magnitude and are generally increased. The simulations
depicted in Figure 4 were performed for healthy controls and
three different cirrhosis degrees based on the assumption of
competitive inhibition of ICG uptake by bilirubin. Results were
compared to clinical data of control and diseased subjects.
Figure 4 shows the dependency of ICG parameters on the plasma
bilirubin levels (Figures 4A,B: ICG-clearance; Figure 4C: ICG-
kel; Figure 4D: ICG-R15; Figure 4E: ICG-R20; Figure 4F: ICG
extraction ratio). Overall the decrease in ICG elimination due
to elevated bilirubin plasma levels is predicted accurately. The
simulations for healthy controls agree well with the data in
healthy subjects.

In summary, model predictions for the effect of hepatic blood
flow, cardiac output, OATP1B3 level, liver volume, body weight
and bilirubin on ICG parameters could be validated with a large
set of studies in healthy controls and various degrees of cirrhosis
spanning almost 60 years of clinical research (Caesar et al., 1961;
Leevy et al., 1962, 1967; Branch et al., 1976; Roberts et al.,
1976; Huet and Lelorier, 1980; Namihisa et al., 1981; Huet and
Villeneuve, 1983; Kanstrup and Winkler, 1987; Skak and Keiding,
1987; Kawasaki et al.,, 1988; Grundmann et al.,, 1992; Gadano
et al., 1997; Moller et al., 1998, 2019; Hashimoto and Watanabe,
2000; D’Onofrio et al., 2014; Haimerl et al., 2016; Pind et al., 2016;
Kagawa et al,, 2017; Anzai et al., 2020).

3.4. In silico Population

To analyze the inter-individual variability of ICG parameters,
in silico ICG liver function tests were performed for 100,000
subjects (Figure 5. For every individual the age, body weight,
sex, height and ethnicity was based on the NHANES cohort
with subsequent sampling of age-dependent liver volume and
hepatic blood flow and OATP1B3 amount. The 35427 NHANES
subjects were oversampled to 100,000 subjects, i.e., every subject
occurred around three times with different liver volume and
hepatic blood flow samples. By sampling from a large cohort
of real individuals the covariances between the parameters age,
body weight, sex, height and ethnicity could be accounted for.
In silico ICG liver function tests used a dose of 0.5 [mg/kg] ICG
(Figure 5A). The dependency of the body weight on the age
in men and women in the simulated population are depicted
in Figures 5B,C, respectively. In general, women have a lower
body weight. Both distributions show an increase in body weight
up until 40-60 year, followed by a decline in older ages. The
number of subjects in younger age-groups is higher than in older
age-groups, although this might not be representative of the
population, but rather of the NHANES study design.

For every virtual individual the OATP1B3 level was sampled
from a lognormal distribution based on reported protein
concentrations by Peng et al. (2015) (see Figure 5D). OATP1B3
samples were assumed to be independent of age, body weight, sex,
height and ethnicity.

For every virtual individual the age-dependent liver volume
and hepatic blood flow were sampled under consideration of
the underlying covariances between hepatic blood flow per
kg body weight and liver volume per kg body weight, based
on data by Wynne et al. (1989) (Figures 5E-G). Both liver
volume and hepatic blood flow per body weight decrease with
increasing age. Age dependent multivariate sampling was used
to determine hepatic blood flow and liver volume for every
virtual individual, i.e., samples were taken from the respective
age-dependent distribution.

3.5. Inter-individual Variability

The inter-individual variability in ICG elimination was analyzed
by performing an individualized ICG test simulation for each of
the n = 100,000 subjects. ICG parameters were calculated from
the individual ICG time courses. To analyse the effect of age, body
weight and sex on ICG elimination the population was stratified
by age (18-40 year, 41-65 year, and 66-84 year), body weight (40—
60 kg, 60-80 kg, 80-100 kg, and 100-140 kg), and sex (M, F).
ICG clearance, PDR, R15, and t; for each subgroup are shown
in Figure 6. With increasing age (independent of body weight),
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TABLE 1 | Overview of curated clinical studies.

Reference PK-DB PMID ICG/Sampling  Protocol Description

Anzai et al. (2020) PKDB00501 32593714 ICG Bolus: 0.5 mg/kg The impact of a heterozygous SLCO1B3 null variant
on the ICG retention test.

Branch et al. (1976) PKDB00387 1277728 ICG Bolus: 0.5 mg/kg Clearance of ICG in healthy subjects and chronic
liver disease (cirrhosis, hepatitis).

Burns et al. (1991) PKDB00388 1848168 ICG Bolus: 0.5 mg/kg; Infusion: ICG pharmacokinetics in healthy subjects and

0.25 mg/min patients with liver disease.
Caesar et al. (1961) PKDB00389 13689739 ICG Bolus: 0.5 mg/kg; Infusion: Measuring hepatic blood flow and assessing
0.5 mg/min hepatic function by ICG pharmacokinetics.

Cherrick et al. (1960) PKDB00390 13809697 ICG Bolus: 0.5 mg/kg ICG pharmacokinetics in healthy subjects and
patients with liver disease.

D’Onofrio et al. (2014) PKDB00392 24834884 ICG Bolus: 0.5 mg/kg Comparison between perfusion CT and
ICG-R15/ICG-PDR as an estimation of liver
functional reserve for patients undergoing
hepatectomy.

Gadano et al. (1997) PKDB00394 9083919 ICG Infusion: 0.4 mg/min ICG-clearance and extraction ratio and their

(controls); 0.8 mg/min dependency on hepatic bloodflow in healthy
(cirrhotics). Priming dose (24 subjects and in patients with hepatic fibrosis and
mg controls; 12 mg cirrhosis.

cirrhotics).

Grundmann et al. (1992) PKDB00396 1482735 ICG Bolus: 0.3 mg/kg Effect of anesthetics on ICG-pharmacokinetics and
hepatic blood flow.

Haimerl et al. (2016) PKDB00502 26186960 ICG Bolus: 0.5 mg/kg ICG-elimination in different severity of cirrhosis.

Hashimoto and Watanabe PKDBO00503 10896825 ICG Bolus: 0.5 mg/kg Correlation between body weight and liver volume

(2000) and ICG-elimination.

Huet and Lelorier (1980) PKDB00398 7398188 ICG Bolus: 0.5 mg/kg Effect of smoking and hepatitis B on ICG
pharmacokinetics with estimates of hepatic blood
flow.

Huet and Villeneuve (1983) PKDB00399 6629320 ICG Bolus: 0.5 mg/kg ICG-pharmacokinetics in cirrhosis and chronic
hepatitis with measurements of hepatic blood flow.

Jost et al. (1987) PKDB00463 3557314 ICG Bolus: 0.5 mg/kg Salivary caffeine clearance as liver function tests.

Kagawa et al. (2017) PKDB00504 27863442 ICG Bolus: Dose not reported Effect of loss of OATP1B3 on ICG-elimination.

Kanstrup and Winkler (1987) PKDB00400 3816112 ICG Infusion: 0.2 mg/min Blood flow dependency of ICG-clearance.

Kawasaki et al. (1988) PKDB00401 3396264 ICG Bolus: 0.5 mg/kg ICG-clearance in healthy subjects and patients with
liver fibrosis and cirrhosis.

Leevy et al. (1962) PKDB00404 14463639 ICG Infusion: 0.3 and 1.5 Estimation of hepatic blood flow using ICG.

mg/min/m? with priming
dose (10 mg).

Leevy et al. (1967) PKDB00405 6071462 ICG Bolus: 0.5 mg/kg and 5.0 Estimation of liver function with ICG. Dose

mg/kg dependency of ICG-PDR.

Moller et al. (1998) PKDB00409 9691928 ICG Infusion: Rate not reported Arterial hypoxaemia in cirrhosis. Correlation
between ICG-clearance and CTP-score.

Moiller et al. (2019) PKDB00410 30221390 ICG Infusion: 0.2 mg/min with Correlation between ICG-pharmacokinetics and

priming dose (2mg) CTP-score.

Pind et al. (2016) PKDB00505 27172450 ICG Infusion: 0.2 mg/min with ICG-R15 as a noninvasive predictor of portal

priming dose hypertension in patients with different severity of
cirrhosis.

Roberts et al. (1976) PKDB00425 973986 ICG Bolus: 0.5 mg/kg Dependency of ICG-clearance on liver volume.

Sakka and van Hout (2006) PKDB00413 16544120  ICG Bolus: 0.5 mg/kg Relation between ICG-PDR and ICG-clearance in
patients with non-liver disease.

Skak and Keiding (1987) PKDB00506 3613884 ICG Bolus: 0.5 mg/kg Relation between ICG-clearance and hepatic blood
flow.

Wood et al. (1979) PKDB00426 445957 ICG Bolus: 0.5 mg/kg Age-dependency of ICG-clearance in smoking and
nonsmoking individuals.

Peng et al. (2015) - 25926430 Sampling - Variability in transport protein amounts.

Wynne et al. (1989) - 2643548 Sampling - Correlation between age, body weight, liver volume
and hepatic blood flow.

NHANES (1999-2018) - - Sampling - Large set of anthropometric data of healthy

subjects.
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FIGURE 3 | Effect of hepatic blood flow on ICG parameters: For model validation multiple blood flow experiments were simulated and compared to clinical data sets.
Simulations were performed for four different cirrhosis degrees (see section 2.1): Black: control, blue: mild cirrhosis: purple: moderate cirrhosis, red: severe cirrhosis.
(A) Dependency of ICG-clearance on hepatic blood flow. Clinical data of subjects with liver cirrhosis from Gadano et al. (1997). (B) Dependency of ICG-clearance per
kg body weight on hepatic blood flow per kg body weight. Clinical data of control and cirrhotic subjects from Huet and Lelorier (1980) and Huet and Villeneuve (1983).
(C) Dependency of ICG-clearance on externally changed hepatic blood flow. Clinical data of healthy subjects from Kanstrup and Winkler (1987). (D) Dependency of
ICG extraction ratio on hepatic blood flow. Clinical data of control and cirrhotic subjects from Leevy et al. (1962).

ICG elimination is reduced, as reflected by a decrease in clearance
and PDR and an increase in ICG-R15 and t;/,. With increasing
body weight ICG clearance increases whereas PDR, R15 and t;,;
show no change. Variation in body weight has a much larger effect
on ICG-clearance, than on any other PK parameter in line with
Figure 2E.

Differences between the sexes are marginal in all parameters
after stratification for body weight and age. Due to the lower
body weight of women as depicted in Figures 5B,C and the
body weight dependency of ICG clearance an apparent difference
between male and female ICG-clearance can be observed in the
unstratified data.

The corresponding dependencies mild cirrhosis,
moderate cirrhosis, and severe cirrhosis are depicted in
Supplementary Figures 1-3, respectively. Similar to healthy

in

subjects, ICG elimination is reduced in cirrhosis with increasing
age, as reflected by a decrease in clearance and PDR and an
increase in ICG-R15 and t;/,. With increasing cirrhosis degree
ICG clearance and PDR decrease and R15 and t;/, increase, in
line with Figure 2.

3.6. Validation of Population Variability

To validate the results of the population model predictions
(Figure 6) multiple comparisons to clinical data sets were
performed (Figures 7, 8).

The predicted dependency of ICG-clearance and ICG-kel
on age in the in silico population in Figure 7 is in very good
agreement with data for healthy controls (Caesar et al., 1961;
Branch et al., 1976; Wood et al., 1979; Kawasaki et al., 1988),
and cirrhosis (Caesar et al., 1961; Branch et al., 1976; Jost et al.,
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FIGURE 4 | Effect of plasma bilirubin on ICG parameters: For model validation multiple plasma bilirubin experiments were simulated and compared to clinical data
sets. Simulations were performed for four different cirrhosis degrees (see section 2.1): Black: control, blue: mild cirrhosis: purple: moderate cirrhosis, red: severe
cirrhosis. (A) Dependency of ICG-clearance on the plasma bilirubin concentration. Clinical data of control and cirrhotic subjects from Branch et al. (1976).
(B) Dependency of ICG-clearance per kg body weight on the plasma bilirubin concentration. Clinical data of control and cirrhotic subjects from Kawasaki et al. (1988).
(C) Dependency of ICG-kel on the plasma bilirubin concentration. Clinical data of control and cirrhotic subjects from Caesar et al. (1961). Clinical data of subjects with
other liver diseases from D’Onofrio et al. (2014). (D) Dependency of ICG-R15 on the plasma bilirubin concentration. Clinical data of subjects with other liver diseases
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(F) Dependency of ICG extraction ratio on the plasma bilirubin concentration. Clinical data of control and cirrhotic subjects from Caesar et al. (1961) and Leevy et al.
(1962).

1987; Kawasaki et al., 1988). ICG-clearance and ICG-kel decrease
with increasing age and with increasing cirrhosis degree. The
clinical data for cirrhosis did not provide any information on
the disease severity such as CTP scores, so that cirrhosis data is
plotted for all simulated severities. The model predictions cover
the complete range of reported ICG-clearance and ICG-kel in
cirrhotic subjects.

For additional validation, the population variability in the
dependency of ICG parameters on hepatic blood flow was studied
in Figures 8A-D) (corresponding to Figure 3).

Figures 8A,B show the effect of inter-individual differences
on the dependency of ICG-clearance on hepatic blood flow.
The resulting variability especially in the control samples (gray
area), is very large emphasizing the importance of including
confounding factors in the evaluation of liver function.

Figure 8C shows the change in ICG-clearance when hepatic
blood flow is changed either by exercise, food ingestion or by
pharmacological intervention. By including the inter-individual
differences in the simulation, we were able to predict the
variability in this dependency accurately. From the clinical data,
we assume however, that the external influences, that were
used to alter hepatic blood flow, had additional effects on ICG
elimination, because even subjects with unchanged hepatic blood
flow showed a decrease in clearance. It would be of high interest
to analyze what these effects might be. This also shows, that recent
food ingestion and long-term medication that affects blood flow
are additional factors that have to be considered in liver function
evaluation with ICG.

Figure 8D shows the relation between the ICG extraction ratio
and the hepatic blood flow. The changes in extraction ratio are
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in good agreement with the clinical data, but the simulations
taking inter-individual variability into account cover a much
larger range of blood flow per body surface area than the data.
Next, the inter-individual variability in the correlations
between ICG parameters in healthy and cirrhotic subjects were
simulated (Figures 8E-H). The corresponding results without
variability have been published previously (Koller et al., 2021).
Interestingly, all variability in the correlation between ICG-
R20 and ICG-t;;, as well as ICG-R20 and ICG-kel lies
on a nonlinear relationship (see Figures 8E,F). Moreover,
the clinical data follows the same nonlinear dependencies.
Because all PK parameters of a subject are calculated from the

same plasma disappearance curve, the results follow a strict
nonlinear relationship.

In Figure 8G the correlation between ICG-PDR after ICG
doses of 0.5 mg/kg and 5.0 mg/kg is depicted. The relation
is mostly linear, however some variation is observed, which
agrees very well with the clinical data. This suggests a small
dose-dependency of ICG-PDR depending on individual subject
properties. In a previous analysis we could not find any
dose-dependency of ICG-PDR for the model with reference
parameters (Koller et al., 2021). A more detailed investigation
into the factors causing the PDR dose dependency would be
highly relevant.
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A linear correlation, without deviation due to inter-individual
differences, is observed between ICG-clearance calculated after a
bolus administration and during a constant intravenous infusion
of ICG (see Figure 8H) with the clinical data following the same
linear dependency.

3.7. Contribution of Individual Factors
Finally, we were interested in the contribution of individual
factors to the observed population variability Figure 9 using
a data set of ICG-clearance and ICG-PDR by Sakka and van
Hout (2006). The predicted variability between ICG-clearance
and ICG-PDR in the in silico population is in very good
agreement with the observed variability in the data (Figure 9A).
The combined effect of variation in hepatic blood flow, OATP1B3
amount, liver volume and body weight predicts the variability in
the clinical data very accurately.

To study the individual contribution of each of the
above-mentioned factors these factors were varied individually
while setting the remaining factors to their reference values
(Figures 9B-E). Hepatic blood flow, OATP1B3 amount, and
liver volume affect ICG-clearance and PDR in a similar manner
resulting in a linear dependency. Compared to the model’s
reference simulation, these factors are able to increase as well
as reduce ICG elimination. The individual effects appear to be
additive as none of them individually can achieve the complete
range of variability that is observed when they are varied together
(Figure 9A). In contrast, the body weight has a much smaller

effect on ICG-PDR than on ICG-clearance thereby spanning an
alternative axis of variation. Specifically, it is the main source of
deviation from the correlation line between PDR and clearance.

4. DISCUSSION

Within this work, the effects of physiological and anthropometric
factors on ICG elimination were studied systematically. For the
analysis, a recently developed and validated PBPK model of ICG
(see Figure 1) was used (Koller et al., 2021).

The previous modeling approach was extended by the
development of a large in silico population based on the
NHANES cohort (NHANES, 1999-2018) with individualized
model predictions for the n = 100,000 subjects. Our approach
allowed to account for covariances between age, sex, body weight,
height and ethnicity as well as between age, liver volume and
hepatic blood flow. Via individualized in silico ICG liver function
tests, the inter-individual variability in ICG-elimination could
be studied in healthy subjects as well as in mild, moderate,
and severe cirrhosis corresponding to CTP-A, CTP-B, and CTP-
C. Model predictions were validated with independent clinical
data sets from 25 publications which were not used in the
model development (see Table1 and figures). Including the
variability of physiological factors (hepatic blood flow, cardiac
output, OATPIB3 level, liver volume, plasma bilirubin) and
anthropometric parameters (body weight, age, sex) in the model
simulations allowed to accurately predict the individual effects of
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these factors as well as the observed inter-individual variability
in ICG elimination. The importance of including these factors in
the evaluation of liver function with ICG is apparent.

Certain limitations exist in the presented analysis. First, the
analysis focused specifically on factors for which (i) clinical data
is available, (ii) alterations in ICG elimination are expected, (iii)
and which could be included in our PBPK modeling approach.
This analysis is far from exhaustive and other factors may exist
which influence ICG-elimination but were not considered here.
Second, the distributions of liver volume, hepatic blood flow and
OATPI1B3 amount were based on clinical data with relatively
small sample size. The resulting distributions do not necessarily
reflect the distribution and covariances within the NHANES
population. For instance, some ethnical differences in OATP1B3
distribution may exist that were not considered here (see
below for details). Furthermore, parameters which were assumed
statistically independent could actually have dependencies. For
example, an important assumption was that the amount of
OATPI1B3 is independent of other sampled factors such as body
weight, age, sex, liver volume, and liver blood flow. Prasad et al.
showed that OATPIB3 is independent of age and sex (Prasad
et al,, 2014), yet no data for the relationship between OATP1B3
amount and other anthropometric factors (body weight, liver
volume, and liver blood flow) could be found in the literature.

A key factor for ICG elimination is the amount of OATP1B3
in the liver as it is the primary transport protein mediating
hepatic ICG uptake. An increase in its amount results in
increased ICG elimination (Figure 2C). A previous study has
shown that ICG uptake into the liver correlates with the
expression of OATP1B3 (Masuoka et al, 2020). Whereas,
some studies quantified the OATP1B3 amount in Human liver
samples (Prasad et al., 2014; Peng et al., 2015; Burt et al., 2016)
to our knowledge no data reporting OATP1B3 amount and
systemic ICG parameters exists. For validation we compared
reported ICG-PDR and ICG-R15 values for different genotypes.
Under the assumed transport activities (wildtype enzyme 1.0,
heterozygote null genotype 0.5, homozygote null genotype 0.0)
for the model predictions, the simulations and experimental data
are in very good agreement. Although OATP1B3 expression were
significantly lower in the heterozygote than in the wild-type, the
ICG-R15 results were comparable (Anzai et al., 2020), suggesting
that some compensation is possible. Subjects with markedly poor
ICG clearance but without severe liver disease are diagnosed with
constitutional ICG excretory defect (Namihisa et al., 1981; Anzai
etal., 2020) and lack of OATP1B3 expression has been confirmed
in these subjects by immunohistochemistry (Kagawa et al., 2017;
Masuoka et al., 2020). The incidence of ICG excretory defect is
0.007% in the Japanese population (Masuoka et al., 2020). Anzai
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et al. emphasized the importance of investigating the effect of
the SLCO1B3 genotype on ICG clearance in cirrhotic patients in
the future (Anzai et al., 2020). Within this work, this important
investigation could be performed in silico (Figure 2).

Whereas, no differences in OATP1B3 expression with age
or sex have been reported (Prasad et al., 2014), a difference in
OATPI1B3 amount with ethnicity may exist. Peng et al. (2015)
showed based on a relatively small study (n = 102 Caucasian,
n 18 Asian, n 5 African-American) that Asians have
almost double the OATP1B3 amount with 27.6 [fmol/pg] (24.5-
30.7 95% CI) of Caucasians with only 14.2 [fmol/pg] (12.9-
15.6 95% CI). Ethnicity information was available for all our
in silico subjects, but unfortunately not compatible with the
ethnicity groups provided by Peng et al. For example Asians
were not separately listed in NHANES but part of the larger
group “Other Race-Including Multi-Racial.” In summary, the
available information on the ethnicity dependency of OATP1B3
expression was not sufficient to include it in our simulations.

The influence of hepatic blood flow on ICG-elimination
was analyzed extensively (see Figures2A,B, 3, 8E,F). As can
be observed in Figures 2A,B, the model’s reference values for
cardiac output and hepatic blood flow consistently lie below
the mean values from clinical data at the lower end of the
physiological range. Using relatively low cardiac output in the
reference state was necessary to accurately predict the ICG
extraction ratio without implementing a longer delay between
blood exiting the liver and entering the liver again (which
would either require delayed differential equations or constructs

such as the linear chain trick to achieve sufficient delays). This
simplification had no effect on the ICG plasma disappearance
curve and the resulting PK parameters. However, as a side effect
of this, the hepatic blood flow of the reference simulations
(stars) depicted in Figures 8A,B,D are at the lower ends of the
simulated range. This has no relevance for the variability analysis,
but moving toward individualized ICG liver function tests the
implementation of a circulation delay will be necessary.

In spite of the observed relationship between the plasma
bilirubin concentration and ICG-elimination (see Figures 2F, 4),
it was not included in the population variability analysis. The
main reason for this is the low variability of plasma bilirubin
in healthy subjects compared to subjects with liver disease. In
case of liver cirrhosis the observed relationship between bilirubin
and ICG parameters is difficult to interpret. It is possible that the
changes in ICG-elimination result from the disease itself and the
observed changes in plasma bilirubin are simply a consequence
of the liver disease without any effect on ICG uptake. Under
the model assumption that bilirubin has a competitive inhibitory
effect on ICG uptake the dependency of ICG parameters on
bilirubin could be reproduced. In rat a clear effect of bilirubin
plasma concentration (varied via injection) could be observed
on ICG uptake, which supports our assumption (Paumgartner
et al,, 1969). Human data without liver disease but substantially
altered bilirubin levels would be required to test the hypothesis
that bilirubin is a competitive inhibitor of ICG uptake in humans.

Our study underlines the importance of quantifying and
reporting factors affecting the inter-individual variability in liver

Frontiers in Physiology | www.frontiersin.org

14

November 2021 | Volume 12 | Article 757293


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Koller et al.

ICG Liver Function Test Variability

function tests. The presented results have important implications
for clinical testing of liver function with ICG as well as clinical
studies involving ICG parameters. Most importantly, factors
affecting ICG elimination must be quantified and reported
alongside ICG parameters. Most of these factors can be easily
determined in clinical practice such as body weight, sex, age in the
anamnesis, plasma bilirubin via blood chemistry, hepatic blood
flow and cardiac output via Doppler ultrasound, liver volume
via imaging, and severity of cirrhosis using the CTP or MELD
classification. The only factor difficult to obtain is the amount
of OATP1B3 which would require invasive liver biopsy followed
by protein quantification via immunohistochemistry. This could
be a feasible approach in settings where liver biopsies are readily
available, e.g., in hepatectomies. Clinical studies evaluating ICG
elimination in different subgroups must account for differences
in confounding factors such as age between groups. Especially
in study designs comparing healthy controls (often young) with
subjects with disease (often old) this is difficult to achieve.
Our results provide quantitative information on the expected
effect sizes.

As proposed previously in Koller et al. (2021), predicted
postoperative ICG-R15 after partial hepatectomy can be
used to predict postoperative survival. We have shown
here that the model is able to predict variability in ICG
pharmacokinetic parameters due to inter-individual differences
in physiological parameters. Moreover, the necessity of including
these factors in the interpretation of ICG liver function
tests has become apparent. For instance, the model-based
variability information could be directly applied to calculate
confidence intervals of individual predictions or inter-individual
variability in outcomes after hepatectomy. Clinical application
of the model for personalized risk prediction would be
based on individual model parametrization using weight, sex,
age, plasma bilirubin, hepatic blood flow, cardiac output,
CTP score and OATPIB3 amount, with missing values
inferred from population data. The model’s potential for
clinical application as a predictive tool of postoperative
outcome could therefore increase significantly by including
individual physiological and anthropometric factors in the
simulations.

In summary, the model shows great potential in predicting
the variability in ICG elimination in healthy as well as in
cirrhotic subjects. By including variations in hepatic blood flow,
hepatic transport proteins, liver volume, and body weight in the
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