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Surgery, Department of General, Visceral and Vascular Surgery, Jena University Hospital, Jena, Germany

The evaluation of hepatic function and functional capacity of the liver are essential tasks
in hepatology as well as in hepatobiliary surgery. Indocyanine green (ICG) is a widely
applied test compound that is used in clinical routine to evaluate hepatic function.
Important questions for the functional evaluation with ICG in the context of hepatectomy
are how liver disease such as cirrhosis alters ICG elimination, and if postoperative
survival can be predicted from preoperative ICG measurements. Within this work a
physiologically based pharmacokinetic (PBPK) model of ICG was developed and applied
to the prediction of the effects of a liver resection under various degrees of cirrhosis.
For the parametrization of the computational model and validation of model predictions
a database of ICG pharmacokinetic data was established. The model was applied (i)
to study the effect of liver cirrhosis and liver resection on ICG pharmacokinetics; and
(i) to evaluate the model-based prediction of postoperative ICG-R15 (retention ratio 15
min after administration) as a measure for postoperative outcome. Key results are the
accurate prediction of changes in ICG pharmacokinetics caused by liver cirrhosis and
postoperative changes of ICG-elimination after liver resection, as validated with a wide
range of data sets. Based on the PBPK model, individual survival after liver resection
could be classified, demonstrating its potential value as a clinical tool.

Keywords: indocyanine green, hepatectomy, liver cirrhosis, mathematical model, computational model,
pharmacokinetics, liver function, liver resection

1. INTRODUCTION

Determining liver function is a crucial task in hepatology, e.g., for liver disease diagnosis or
evaluation of pre- and postoperative functional capacity of the liver. An accurate assessment is
especially relevant in the context of liver surgery as postoperative complications are associated with
reduced functional capacity. A comprehensive characterization of the status of a patient and their
liver is routinely performed before liver surgery such as partial hepatectomy. This includes among
others anthropometric factors (e.g., age, sex, body weight), static liver function tests (e.g., ALT, AST,
albumin, bilirubin, INR, prothrombin time), cardiovascular parameters (e.g., cardiac output, blood
pressure, hepatic blood flow) and lifestyle factors (e.g., smoking, medication) as well as volumetric

Frontiers in Physiology | www.frontiersin.org

1 November 2021 | Volume 12 | Article 730418


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2021.730418
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2021.730418&domain=pdf&date_stamp=2021-11-22
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:koenigmx@hu-berlin.de
https://doi.org/10.3389/fphys.2021.730418
https://www.frontiersin.org/articles/10.3389/fphys.2021.730418/full




























Koller et al.

ICG Model for Survival Prediction

FIGURE 5 | Mapping of model cirrhosis degree on CTP-score. (A) Mapping based on ICG clearance (Figg et al., 1995; Maller et al., 1998). (B) Mapping based on
ICG-kel (Herold et al., 2001; Maller et al., 2019). (C) Mapping based on ICG-R15 (Maller et al., 2019). (D) Mapping based on ICG-thalf (Maller et al., 2019). (E)

Resulting feirmosis Values for each CTP-class combining the information from the mappings based on individual ICG pharmacokinetic parameters (Control: fejrnosis =
0.0; Mild cirrhosis: 0.41; Moderate cirrhosis: 0.70; Severe cirrhosis: 0.82).
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FIGURE 6 | Model prediction of ICG time courses in subjects with cirrhosis. (A,B) Venous concentration after a bolus ICG administration in a healthy subject and a
cirrhotic patient (foirnosis Was set to 0.7 corresponding to moderate cirrhosis) (Burns et al., 1991). (C) Venous concentration during a constant ICG infusion in healthy
and cirrhotic subjects (Caesar et al., 1961). (D,E) Hepatic venous and arterial ICG concentration and ICG extraction ratio in a cirrhotic patient (feirmosis Was set to 0.54
corresponding to mild-moderate cirrhosis) (Keiding et al., 1993). (F-H) ICG extraction ratio in cirrhotic and control subjects during a constant ICG infusion (Caesar
etal., 1961; Leevy et al., 1962; Gadano et al., 1997).

The resulting mapping between f;,p,0sis and the CTP-classes
shows a good positive correlation (Figure 5E). The f;yp,0sis Values
for the controls groups are close to 0, increasing with the

values were then compared between the patient groups.
Additional individual data is shown (Figg et al, 1995)
for validation.
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CTP-class. The relation appears nonlinear, as fiposis Shows
little difference between CTP-class B and C. The mappings
of the CTP-class to fiunosis for the different ICG parameters
each give very similar results. From the mapping of all four
pharmacokinetic parameters a mean value of fi.poss Was
calculated for each CTP-class (Control: fismesis = 0.0; Mild
cirrhosis: 0.41; Moderate cirrhosis: 0.70; Severe cirrhosis: 0.82).
The resulting values were used in all simulations of control, mild,
moderate and severe cirrhosis, as well as in the above described
dose dependency analysis (Figures 3A-D).

Only a single study reported the numerical CTP-score of
the patient groups in combination with ICG-clearance (Figg
et al., 1995). All other studies instead used the CTP-classes (A,
B, C) (Moller et al., 1998, 2019; Herold et al., 2001). With
a dataset of individually reported CTP-scores in combination
with ICG pharmacokinetic parameters of cirrhotic patients,
it would be possible to calculate the relationship of the
CTP-score on the fnsis parameter more accurately. Such
an improved mapping would allow to adjust the model via
the furnosis parameter individually based on the respective
severity of liver disease/cirrhosis of the patient reported
as CTP-score.

After establishing the CTP mapping the model was further
validated via several comparisons with clinical data of ICG time
courses in cirrhotic and control subjects (Figure 6).

Assuming moderate cirrhosis (fmosis = 0.7), the model
prediction of an ICG time course in a cirrhotic patient agrees
well with the clinical data (Burns et al., 1991) (Figures 6A,B).
The main alteration compared to the healthy control is the
slower disappearance rate resulting in higher ICG plasma
concentrations. The same effect is observed in steady state via
a constant ICG infusion (Figure 6C). Using the f;,0sis values
from the CTP mapping above, the steady state concentrations are
predicted in agreement with the clinical data (Caesar et al., 1961).
Figures 6D,E shows the relation between the hepatic venous
and arterial ICG concentrations and the extraction ratio in a
cirrhotic subject. Here, f.xnosis Was set to 0.54 which allowed to
predict arterial and hepatic vein concentration as well as ICG
extraction ratio. Finally, in Figures 6F-H the ICG extraction
ratio predicted for controls and three different cirrhosis degrees
was compared to clinical data (Caesar et al., 1961; Leevy et al,,
1962; Gadano et al., 1997). The extraction ratio in cirrhotic
subjects is reduced compared to healthy controls, as predicted by
the model.

3.4. Model Validation for Hepatectomy

After validating the model predictions of ICG pharmacokinetics
in liver cirrhosis, the model was applied to liver surgery. To
analyze the effect of partial hepatectomy on ICG elimination
the change in ICG pharmacokinetic parameters as a function of
the resection rate was simulated (Figures 7A-D). The scan was
performed for healthy controls as well as three different degrees
of cirrhosis.

ICG-clearance and ICG-PDR are highest in the preoperative
liver (resection rate = 0) and decrease with increasing resection
rate whereas ICG-t;/, and ICG-R15 are lowest in the healthy
liver and increase with increasing resection rate. The effect

of varying the degree of cirrhosis is in accordance with the
results shown in Figures4A-D. Importantly, increasing
resection rate and increasing degree of cirrhosis affect ICG
pharmacokinetic parameters in the same manner. The
dependencies of ICG-clearance, ICG-PDR, ICG-t;;; and
ICG-R15 on the resection rate are fairly linear up to 50-60%
resection, and become much more non-linear for higher
resection rates.

For model validation the predictions were compared to
clinical data of subjects undergoing hepatectomy. For these
simulations the resection rate was varied from 0 to 0.9. First,
the relative change of ICG-PDR after partial hepatectomy as
a function of the resection rate was simulated (Figure 7E).
The model predicts a nonlinear dependency of change in ICG-
PDR on the remnant liver volume independent of the degree
of cirrhosis. This prediction is in good agreement with the
clinical data (Stockmann et al., 2009; Thomas et al., 2015).
Furthermore, the correlation between measured postoperative
ICG-kel and estimated remnant ICG-kel (ICG-kel - fractional
liver remnant) was simulated under various degrees of cirrhosis
(Figure 7F). A good correlation can be observed. The model
predictions were compared to three different data sets (Okochi
et al, 2002; Ohwada et al, 2006; Sunagawa et al., 2021)
and are in good agreement with them. In addition, all data
sets are in good agreement with each other. The simulated
correlation line is independent of the cirrhosis degree, but with
increasing cirrhosis ICG-kel decreases. A large variability can
be observed in the experimental data, but as our simulations
indicate is most likely not due to the underlying liver
disease (cirrhosis).

Thomas et al. (2015) found significant correlation between
post-hepatectomy ICG-PDR and intraoperative ICG-PDR
measured under trial clamping of those parts of the liver that
were to be removed. This was simulated by changing hepatic
blood flow and liver volume in separate simulations but in
the same intervals. This was performed for a healthy liver
as well as three different degrees of cirrhosis (Figure 7G).
The predictions agree well with the clinical data and show
that reducing hepatic blood flow (clamping of liver volumes
which will be resected) has a very similar effect on ICG
elimination as actually removing the respective liver volume
via hepatectomy.

Finally, the
postoperative
and cirrhosis

correlation  between
ICG-PDR for

degrees was

preoperative  and
different resection rates
simulated and compared
to clinical data (Figure7H). ICG-PDR is reduced
in cirrhosis preoperatively as well as postoperatively.
The model prediction agrees with the clinical data
(Thomas et al., 2015).

Overall the predictions of liver resection in severely
cirrhotic liver is not in good agreement with the clinical
data. This reflects the fact that no resections are performed
in severely cirrhotic liver due to high risk of postoperative
complications. As a consequence, most of the liver resection
are performed in mild to moderate cirrhosis. The model allows
to perform these risky hepatectomies in silico and predict
there effect.
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FIGURE 7 | Model prediction of ICG pharmacokinetic parameters in hepatectomy under varying degree of cirrhosis. (A-D) Dependency of postoperative ICG
pharmacokinetic parameters on the resected volume in 4 different degrees of cirrhosis. (E) Dependency of postoperative change in ICG-PDR on the resected

volume (Stockmann et al., 2009; Thomas et al., 2015). (F) Correlation between the measured postoperative ICG-kel and the estimated postoperative ICG-kel (product
of preoperative ICG-kel and the future liver remnant) (Okochi et al., 2002; Ohwada et al., 2006; Sunagawa et al., 2021). (G) Correlation between postoperative
ICG-PDR and intraoperative ICG-PDR during trial clamping (Thomas et al., 2015). (H) Correlation between postoperative and preoperative ICG-PDR (Thomas et al.,
2015). Simulations for (E-=H) were performed for varying resection rates in healthy subjects and three different degrees of cirrhosis.
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TABLE 3 | Evaluation metrics for classification models of survival after hepatectomy.

Classification model Data1A Data1B

PBPK1

Data2 PBPK2

Features Preoperative ICG-R15 Postoperative ICG-R15 Postoperative ICG-R15 Preoperative ICG-R15 & foirhosis & Resection rate
(calculated) (predicted) Resection rate
ROC AUC 0.663 (0.555 + 0.072) 0.517 (0.481 + 0.052) 0.862 (0.753 + 0.090) 0.880 (0.767 + 0.090) 0.879 (0.766 + 0.092)
Balanced accuracy ~ 0.562 (0.555 + 0.072) 0.515 (0.481 + 0.052) 0.761 (0.753 + 0.090) 0.785 (0.767 + 0.090) 0.805 (0.766 + 0.092)
F1-score 0.267 (0.243 £+ 0.152) 0.143 (0.118 £ 0.126) 0.611 (0.587 + 0.136) 0.625 (0.593 + 0.133) 0.650 (0.592 + 0.139)
Precision (PPV) 0.462 (0.443 £ 0.295) 0.300 (0.192 + 0.227) 0.550 (0.538 + 0.152) 0.521 (0.515 + 0.145) 0.542 (0.509 + 0.153)
Recall 0.188 (0.182 + 0.133) 0.094 (0.170 + 0.273) 0.688 (0.681 + 0.172) 0.781 (0.739 + 0.170) 0.812 (0.747 + 0.169)
NPV 0.797 (0.792 £ 0.067) 0.779 (0.745 + 0.133) 0.901 (0.898 + 0.057) 0.925 (0.912 + 0.056) 0.935 (0.915 + 0.054)

Evaluation metrics of classification model are values for the model fitted with the complete dataset. Mean + SD of cross validation reported in brackets.

In summary, the model allows to systematically
predict the changes of ICG pharmacokinetic parameters
in HPB surgery wunder various degrees of liver
disease (cirrhosis).

3.5. Prediction of Post-hepatectomy

Survival

An interesting application of the presented PBPK model is the
prediction of postoperative outcome for patients undergoing
hepatectomy. Preoperative ICG-R15 and the planned resection
rate are key parameters included in the decision process whether
a patient is eligible to receive liver resection surgery.

As shown above, the presented PBPK model accurately
predicts ICG-R15 in liver cirrhosis as well as the changes in
ICG-R15 following hepatectomy. As such, we were interested
how a classification model based on the PBPK model prediction
of postoperative ICG-R15 compares to classification approaches
only using clinical data (preoperative ICG-R15, resection rate and
calculated postoperative ICG-R15).

Five alternative classification models were developed to
predict survival after partial hepatectomy using a dataset of 141
patients (109 survivors and 32 non-survivors) (Wakabayashi
et al, 2004; Seyama and Kokudo, 2009). Three of the
classification models were solely based on clinical data: (i)
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DatalA-using preoperative ICG-R15, (ii) DatalB-using the
calculated postoperative ICG-R15 by multiplying the future
liver remnant (I-resection rate) with the preoperative ICG-
R15; and (iii) Data2-using both the resection rate and the
preoperative ICG-R15. In addition two classification models
were developed using PBPK model predictions as input: (iv)
PBPK1-using the predicted postoperative ICG-R15. Hereby,
the model parameter f..p,ss Was estimated for every subject
based on preoperative ICG-R15, and postoperative ICG-R15 was
predicted using f;mosis and the corresponding resection rate;
and (v) PBPK2- using the resection rate and the estimated
Jeirrhosis model parameter. An overview of the classification results
of these five models is provided in Table 3, Figure8, and
Supplementary Figure 1.

Both PBPK-based classifiers (PBPK1, PBPK2) as well as the
Data2 classifier outperform the data-based classifiers using a
single feature (DatalA, DatalB) in predicting survival after
partial hepatectomy.

When comparing the classification models using a single
feature (DatalA, DatalB, PBPK1) the physiological-based
predicted postoperative ICG-R15 (PBPK1) clearly outperforms
the preoperative (DatalA) as well as calculated postoperative
ICG-R15 (DatalB).

Figure 8A shows the postoperative ICG-R15 in survivors and
non-survivors predicted by the model as well as corresponding
preoperative ICG-R15 (inset).

The PBPK model predicted postoperative ICG-R15 is able
to distinguish better between survivors and non-survivors than
the preoperative ICG-R15 as can be seen by the clearer
separation of the histograms (Figure 8A) and the respective
ROC curves (Figure 8C). Both preoperative ICG-R15 as well
as calculated postoperative ICG-R15 are not very useful for
the prediction of survival after partial hepatectomy, whereas
predicted postoperative ICG-R15 using PBPK1 is a very good
measure to predict survival after partial hepatectomy.

To determine possible cutoffs for predicted postoperative
ICG-R15 based on the PBPKI classifier the dependency of
evaluation metrics on the cutoff was analyzed (Figure 8B).
Balanced accuracy as well as f1-score have a maximum at around
35%. The negative predictive value (NPV) as well as recall is 1 up
to a predicted postoperative ICG-R15 < 20%.

Figure 8D depicts how the predicted postoperative ICG-
R15 depends on the resection rate and fimpesis- The data
confirms that a cutoff value slightly below 40% would correctly
predict most of the non-survivors with a stricter cutoft of 20%
avoiding any death after partial hepatectomy. Similar analysis
of the data-based single feature classification models failed to
find a significant optimum of evaluation metrics for either
preoperative ICG-R15 or calculated postoperative ICG-R15 (see
Supplementary Figure 1).

The two-feature classification models (PBPK2, Data2) show
good performance in the survival prediction comparable to
PBPK1 (Figures 8E,F). Whereas, the one-dimensional PBPK1
classifier provides a simple interpretation and cutoft value, the
two dimensional classifiers are more difficult to interpret.

In summary, we developed a single-feature classification
model based on a physiological-based model of ICG elimination

(PBPK1) which allows to predict post-hepatectomy survival
solely based on preoperative ICG-R15 input. Importantly, this
computational model-based approach clearly outperforms data-
based approaches such as preoperative ICG-R15 and calculated
postoperative ICG-R15.

4. DISCUSSION
4.1. Model Building and Validation

In summary, a PBPK model for ICG based liver function
evaluation was developed, validated, and applied to the
prediction of postoperative outcome after liver surgery, i.e.,
survival after partial hepatectomy. The model takes into account
physiological factors such as the degree of cirrhosis and the
estimated functional liver remnant, which allowed an accurate
prediction of postoperative liver function in agreement with
clinical data. As such, the model has proven its potential of
becoming a valuable clinical tool for the planning of hepato-
pancreatico-biliary surgery.

The physiologically-based modeling approach allowed us
to predict ICG pharmacokinetics data from 29 studies (see
Table 1) using only a small set of parameters and processes.
The model accurately predicts changes in ICG pharmacokinetic
parameters in a wide range of conditions including varying
degrees of cirrhosis. Additionally, in silico hepatectomies with
underlying cirrhosis are in good agreement with clinical data.
As an important note, all clinical data besides the time courses
in healthy subjects used for model calibration was used for
model validation.

4.2. Model Assumptions and Limitations
Important model assumptions were (i) the pooling of all
tissues not involved in the metabolization of ICG into the rest
compartment, (ii) the use of ordinary differential equations
without delays, and (iii) the focus on the first phase of ICG
elimination relevant for the calculation of ICG parameters. By
pooling all other tissues in a single compartment, tissues with
different perfusion rates were combined. Due to transit times in
the vessel trees of each organ a delay between the flow supplying
the organ and draining from the organ occurs. A possible solution
to address this issue is to use delayed differential equations which
explicitly set these delays in the model. The model did not include
any delays, but instead the cardiac output was set at the lower
end of the physiological range to correctly describe the observed
hepatic extraction ratios. Using an ODE model without delays
allows for much faster simulation times as well as exchangeable
and reusability of the model in other contexts which do not
support delayed differential equation models. The model focuses
on the accurate description of the first 15-30 min of ICG
elimination relevant for the calculation of the ICG parameters,
which is well-described by a monophasic disappearance pattern.
In reality, a biphasic disappearance pattern of ICG with a second,
slower phase of plasma elimination can be observed (Stoeckel
et al, 1980; Meijer et al., 1988; Burns et al, 1991). This
phase is not relevant for the calculation of pharmacokinetic
parameters and the presented model focuses on the first phase
of ICG elimination.
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for the prediction of non-survival after hepatectomy using the complete dataset with cross-validation (mean + SD) for classification models Data1A, Data1B, and
PBPK1. (D) Predicted postoperative ICG-R15 and survival status depending on the resection rate and feirnosis (Used in PBPK2). feirmosis Was estimated for every
subject individually based on preoperative ICG-R15 and post-operative ICG-R15 calculated using the respective resection rate. Shaded blue areas correspond to
respective predicted postoperative ICG-R15. (E) Decision boundary of the two-dimensional classification model PBPK2 based on the resection rate and fojhosis USINg
the complete dataset. White area: predicted survivor; blue area: predicted non-survivor. (F) ROC curve for the prediction of non-survival after hepatectomy using the
complete dataset with cross-validation (mean + SD) for classification models Data2 and PBPK2.

In addition, some discrepancies between model predictions
and clinical data existed for the biliary excretion and the
ICG extraction ratio. The focus of the model was on accurate
prediction of plasma ICG time courses and ICG parameters. The
use of a simple biliary excretion model was not able to capture all
the observed dynamics.

Importantly, all model simulations were performed with an
identical model parameter set not accounting for inter-individual
or inter-study differences or biases.

An important result of this work is that the presented model
is able to predict clinical data ranging from ICG timecourses
after various dosing regimes to changes in ICG parameters after
partial hepatectomy. Although the model predictions appear
to be in very good agreement with the data, this agreement
was not analyzed systematically but was limited to a graphical
interpretation. A more thorough statistical analysis would be

required in the future including parameter identifiability and
uncertainty analysis.

4.3. Prediction of Survival

One main outcome of this study is a single-feature classification
model based on a physiological-based model of ICG elimination
(PBPK1) which allows to predict post-hepatectomy survival
solely based on preoperative ICG-R15 and resection rate. Further,
it has become apparent that preoperative measurements of
ICG pharmacokinetics alone are not sufficient for predicting
postoperative outcome.

The developed classification models demonstrated the
potential of using PBPK predicted postoperative ICG-R15 values
in the clinical decision process. Whereas, the PBPK1 classifier
provides a simple cutoff based on the individual model prediction
(Figures 8A,B), PBPK2 provides the dependency of predicted
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postoperative ICG-R15 on resection rate and cirrhosis degree
(Figure 8D), both key factors for survival after liver resection.

Comparing different approaches of predicting postoperative
outcome after partial hepatectomy showed the importance of
taking resection rate into account. The data-based classifier
combining resection rate with preoperative ICG (Data2) allowed
to achieve comparable classification results to the PBPK-based
classifiers. In contrast, the classification models DatalA and
DatalB failed to achieve good prediction results.

4.4. Previous Research

This work is the first published PBPK model of ICG. The
use of model-predicted ICG pharmacokinetic parameters to
predict postoperative survival after partial hepatectomy using
a classification model is a novel approach. Two-compartment
models have been used among other things to further the
understanding of ICG kinetics (Stoeckel et al., 1980) or for the
development of an at the time new method of determining the
ICG-clearance and hepatic extraction ratio (Grainger et al., 1983).
The use of a PBPK model facilitated studying more complex
clinical questions such as the effect of partial hepatectomy on ICG
elimination in patients with underlying liver cirrhosis of different
severity. Furthermore, for the potential clinical application of the
presented model, individualizing it to a patient’s physiology via
the model’s physiological parameters would be essential, which is
a strong argument for the PBPK modeling approach.

Clinical data supporting our results has been reported by
Haegele et al. (2016) who showed that an ICG-R15 >20%
on postoperative day 1 predicted poor postoperative outcome,
which agrees well with the results shown in Figure 8B. The
cutoff of ICG-R15 <20% allows to identify low-risk patients
that are unlikely to have poor postoperative outcome after
partial hepatectomy. This was confirmed by the high negative
and low positive predictive values (>80 and 30%, respectively),
suggesting that ICG-R15 is especially useful for the identification
of low-risk patients. A recommendation was that subjects with
ICG-R15 20-40% should undergo a more careful evaluation
of the treatment options and additional information should be
taken into consideration. In agreement with our results, Haegele
et al. could show a significant improvement of the prediction
of postoperative survival when using postoperative ICG-R15
(AUC,o; = 0.893) compared to preoperative ICG-R15 (AUC,,,
= 0.719). As a side note, the experimental cutoff of >20% by
Haegele et al. was determined in a Western population providing
evidence that our classification approach could be generally
applied despite developed on data from Japanese subjects.

Multiple studies showed only moderate performance in
predicting post-hepatectomy outcome using preoperative ICG
measurements. Gu et al. (2020) found that preoperative ICG-R15
achieved an AUC,,. of 0.657 (95% CI 0.576-0.739) and 0.640
(95% CI 0.445-0.836) for the prediction of post-hepatectomy
liver failure and 90-day mortality, respectively. Wong et al. (2013)
failed to achieve any significant prediction of postoperative severe
morbidity using preoperative ICG-R15 (AUC,,, = 0.51, 95% CI
0.38-0.72). Wang et al. (2018) found that preoperative ICG-R15
surpassed both CTP-score and MELD for the prediction of severe
post-hepatectomy liver failure, but with moderate AUC,,. = 0.724

(95% CI 0.654-0.787). In summary, this data provides a strong
argument for our approach of using predicted postoperative
ICG-R15 values via a PBPK model for predicting postoperative
survival, which allowed to improve the discriminatory power (see
Figure 8A).

The presented PBPK model predicts postoperative ICG-R15
immediately after partial hepatectomy, corresponding to clinical
measurements on the first postoperative day (POD1). Using
postoperative ICG-R15 on POD1 is supported by Haegele et al.
(2016) who showed that an ICG clearance test was able to predict
poor postoperative outcome as early as POD1.

A very interesting result is that our model accurately
predicted intraoperative ICG measurements (during trial
clamping) (Figure 7G), in which the blood flow to the
area to be resected was clamped. These intraoperative ICG
measurements are in very good agreement with post-operative
ICG measurements (Thomas et al, 2015). Such an approach
would allow to measure the expected postoperative ICG-
R15 intraoperatively. Additional clamping data showed that
the postoperative hospital stay was significantly longer for
intraoperatively clamped ICG-R15 >20% (27.5 £+ 14.1 days)
compared to <20% (17.9 £ 9.2 days). Due to the good
correlation between intraoperative clamped and postoperative
ICG measurements this data provides additional support for
the proposed lower cutoff of predicted postoperative ICG-R15
<20%. It is likely that postoperative ICG-R15 is not only a
good predictor for survival but for postoperative complications
in general as indicated by the data from Akita et al. (2008).
Additional support comes from Haegele et al. which showed
significantly reduced liver dysfunction (3.6 vs. 42.9%, p =
0.001), reduced severe morbidity (16.1 vs. 42.9%, p = 0.016) and
hospitalization (7 vs. 11 days, p = 0.019) for POD1 ICG-R15
<20% vs. POD1 ICG-R15 >20% (Haegele et al., 2016).

4.5. Future Orientations

Due to the high mortality rate, extended liver resection in
the presence of cirrhosis is considered to be contraindicated.
Recommendations are often that only selected patients with
Childs A status or preoperative ICG-R15 of less than 10%
undergo major hepatectomy (Kitano and Kim, 1997). As can be
seen in Figure 8A (inset), even such a strict cutoff can still result
in mortality after hepatectomy. We suggest using a combination
of resection rate and individual liver damage (cirrhosis degree)
estimated from preoperative ICG-R15 instead of relying on
preoperative ICG-R15 alone. As shown by the PBPK2 classifier
(and indirectly by the PBPKI1 classifier) this approach allows a
better evaluation of postoperative risk.

Overall, the clinical data shows large variability in ICG
pharmacokinetic measurements, mostly due to inter-individual
differences (e.g., Figure 7F). Possible explanations are differences
in blood flow, plasma proteins or protein amount or activity
of the ICG transporter. An important next step would be a
systematic analysis of these possible causes of variability and
account for these confounding factors in the model.

Importantly, due to the physiologically based modeling
approach our predictions could easily be further individualized
with the availability of respective data. A personalized risk
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prediction based on an individualized PBPK model could
include (i) general information such as age, sex, and ethnicity;
(ii) physiological information such as body weight, body
fat percentage, cardiovascular parameters and organ volumes;
(iii) information regarding the liver specifically such as
liver perfusion, liver volume and quantification of ICG
protein amounts as well as assessment of liver disease such
as degree of cirrhosis would be of high relevance. Such
an individualization could substantially improve the models
prediction of postoperative liver function and outcome in
patients undergoing partial hepatectomy. Going forward, an
important next step will be to evaluate the model in the
clinical context using a high quality dataset reporting individual
ICG time courses in combination with a subset of the above-
mentioned additional clinical data.
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