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Abbreviations:

AUC Area under the curve

DHCE-MRI Dynamic hepatobiliary contrast enhanced magnetic resonance imaging

FLR Future liver remnant

FLV Functional liver volume

Gd-EOB-DTPA Gadolinium ethoxybenzyl-diethylenetriaminepentaacetic acid

Gd-BOPTA Gadolinium diethylenetriaminepentaacetic acid

HBP Hepatobiliary phase

HEF Hepatic extraction fraction

HUI Hepatocellular uptake index

ICG Indocyanine green

ICG-PDR ICG plasma disappearance rate

irBF input relative blood flow

LiMAXx-Test Liver Maximum function capacity test

LMR Liver-to-muscle ratio

LSR Liver-to-spleen ratio

MELD Model for End-Stage Liver Disease

MRI Magnetic resonance imaging

MRP2 Multidrug resistance-associated protein 2

MTT Mean transit time

NETs Neuroendocrine tumors

OATP Anion-transporting polypeptides

PHLF Post-hepatectomy liver failure

PVE Portal vein embolization

RE Relative enhancement

ROC Receiver operating characteristic

SPECT Single photon emission computed tomography

Sl Signal intensity

9MTc.GSA Technetium—-99m diethylenetriaminepentaacetic acid galactosyl human
serum albumin

T1RR (A%) T1 reduction rate

TLV Total liver volume

T1 pre T1 relaxation time pre-contrast

T1 post T1 relaxation time post-contrast



|. Abstract:

[.I. English version:

The aim of the study is to further corroborate the validity of gadoxetic acid-enhanced
magnetic resonance imaging (MRI) as an imaging-based liver function test. In this
context, we compared gadoxetic acid-enhanced MRI T1 relaxometry-derived indices with
the 3C-methacetin breath test (LIMAXx test) in 53 patients who underwent MRI
examinations less than 30 days apart from the LIMAX test. [Original work1]

For further validation, we assessed the consistency of gadoxetic acid-enhanced MRI as
an imaging-based liver function test across serial examinations, different MRI scanners
and field strengths (1.5 T and 3.0 T) and investigated variable factors that may affect the
uptake of gadoxetic acid, i.e., predictors of relative enhancement (RE) of the liver in the
hepatobiliary phase (HBP). We retrospectively investigated 554 patients who underwent
two or more gadoxetic acid-enhanced MRI examinations. RE of the liver in the HBP, liver-
to-muscle ratio (LMR), liver-to-spleen ratio (LSR) and T1 reduction rate (T1 RR) were
calculated. [Original work 2]

In a subgroup analysis of patients undergoing chemotherapy (n = 238), we observed a
significant decrease in RE, i.e., liver function, between two consecutive MRI
examinations. Based on this observation, we conducted a study to evaluate the
hepatotoxicity of different chemotherapeutic agents using gadoxetic acid-enhanced MRI
in 129 patients with neuroendocrine tumors (NETS) who underwent at least two serial MRI
examinations (a total of 539 MRI). [Original work 3]

In conclusion, the significant correlation of T1 relaxometry derived-indices with LIMAX
test, the consistency and reproducibility of RE of the liver over time and across different
MRI scanners and field strengths, as well as the possibility of estimating chemotherapy-
induced liver impairment, i.e., the hepatotoxic effect of different chemotherapeutic agents
using gadoxetic acid-enhanced MRI, represent the major findings in our studies. These
observations further emphasize gadoxetic acid-enhanced MRI as an imaging-based liver
function test, which could have a paramount influence on patient care as it may be easily

integrated into clinical routine.



[.1l. deutsche Version

Ziel der Studien war es, die Validitat der Gadoxetsaure-verstarkten (Gd-EOB) MRT als
bildgestitzten Leberfunktionstest zu validieren. In diesem Zusammenhang haben wir bei
53 Patienten retrospektiv die Gd-EOB-verstarkte T1-Relaxometrie mit dem 3C-
Methacetin-Atemtest (LiIMAXx-Test) verglichen, bei denen sowohl eine MRT als auch der
LiIMAXx-Test durchgefuhrt wurde. [Originalarbeitl]

Weitere Arbeiten hatten die Bewertung der longitudinalen Konsistenz und
Reproduzierbarkeit der Gd-EOB-verstarkten MRT als Leberfunktionstest zum Ziel.
Desweiteren sollte der Einflul3 verschiedener Gerate und Magnetfeldstarken (1,5 T und
3,0 T) sowie die Bestimmung von Faktoren, die die Aufnahme von Gd-EOB beeinflussen
konnen, d.h. Pradiktoren der relativen Enhancement der Leber untersucht werden
[Originalarbeit 2]. In einer Subgruppen-Analyse von Patienten, bei denen eine
Chemotherapie durchgefihrt wurde (n = 238), beobachteten wir eine signifikante
Abnahme des relativen Enhancements, d.h. der Leberfunktion, zwischen zwei
konsekutiven MRT-Untersuchungen. Aufgrund dieser Feststellung fuhrten wir eine
weitere Studie durch, um mittels Gd-EOB-verstarkter MRT bei 129 Patienten die
Hepatotoxizitat verschiedener Chemotherapeutika mit neuroendokrinen Tumoren (NETS)
zu bewerten, die sich zwei oder mehr seriellen MRT-Untersuchungen unterzogen
(insgesamt 539 MRT). [Originalarbeit 3]

Zusammenfassend stellen die signifikante Korrelation der T1-Relaxometrie mit dem
LiIMAX-Test, die Konsistenz und Reproduzierbarkeit des relativen Enhancements Uber die
Zeit und Uber verschiedene Gerate und Magnetfeldstarken sowie die Mdglichkeit der
Abschétzung der Chemotherapie-induzierten Leberschadigung, d.h. der hepatotoxischen
Wirkung verschiedener Chemotherapeutika, unter Verwendung der Gd-EOB-verstarkten
MRT, die Hauptergebnisse unserer Studien dar. Diese Beobachtungen validieren die Gd-
EOB-verstarkte MRT als bildgestutzten Leberfunktionstest, der einen grof3en Einfluss auf
die Patientenversorgung haben konnte, da er sich einfach in die klinische Routine

integrieren lasst.



II. Synopsis
[I.I Introduction and objectives

[I.I.I. Imaging-based liver function measurement

Liver function comprise a diversity of subfunctions such as biotransformation, synthesis
of variable proteins and clotting factors, excretion of substances like bilirubin, storage of
vitamins and glycogen, and immunological functions. In routine clinical practice,
evaluation of functional liver capacity is essential in monitoring of patients with chronic
liver disease, oncology patients, and patients with hepatic malignancy to select the most
suitable therapeutic intervention. Specifically, evaluation of functional liver capacity is a
cornerstone for predicting risk of post-hepatectomy liver failure (PHLF) in patients
undergoing major liver resection, as well as evaluating and follow up of liver
transplantation patients.[1, 2]

The currently available liver function tests such as the 3C-methacetin breath test (LiIMAX
test; Liver MAximum function capacity, Humedics GmbH, Berlin, Germany), indocyanine
green (ICG) test and clinical score-based models as Child-Pugh classification and Model
for End-Stage Liver Disease (MELD) score are global liver function tests with limited role
in evaluating regional liver function which is of great importance in patients with regional
disparities of liver function as in primary sclerosing cholangitis, prolonged unilateral
cholestasis or after portal vein embolization (PVE).[3, 4] In addition, segmental liver
function evaluation is critical in patients undergoing liver resection for hepatic
malignancies since resections are becoming more radical, increasing the risk of PHLF
(reported incidence of 0.7 - 9.1%).[5, 6]

As an alternative, imaging-based liver function tests add spatial and temporal information
about regional liver function. They are based on intravenous application of imaging-
measurable substances which are taken up by the hepatocytes and then either excreted
in bile or degraded. Measurement of uptake and excretion of these substances — in parts
of or the whole liver — can be performed either at a fixed time point or dynamically to
determine kinetics using nuclear imaging and MRI as imaging-based liver function tests.
[1,7]



[I.L.Il. Nuclear imaging techniques as imaging-based liver function test

Nuclear imaging techniques are either planar using single or dual head gamma camera
or three-dimensionally via single-photon emission computed tomography (SPECT).
However, hepatobiliary scintigraphy (HBS) has a low diagnostic accuracy considering the
low temporal and spatial resolution as well as the planar acquisition which results in an
overlap of the left and right liver sectors. As a result, patients undergo additional imaging
for diagnostic purposes. By Combining SPECT-CT with HBS, additional information on
regional functional capacity can be assessed.[1, 2, 8]

Hepatobiliary tracers used in nuclear imaging are currently based on °™technetium
(°*™Tc). In clinical practice, ®®Tc-labeled diethylenetriaminepentaacetic acid galactosyl
human serum albumin (GSA) scintigraphy and **™Tc-mebrofenin HBS are the two nuclear
imaging techniques used as imaging-based liver function tests.[1, 9]

Different studies have suggested preoperative °°™Tc-GSA scintigraphy to estimate
volume of the future liver remnant (FLR) and predict PHLF.[10, 11] However, " Tc-GSA
scintigraphy is only available in Japan.[12]

As for %MTc-Mebrofenin HBS, various studies have indicated its value in preoperative
workup before major hepatectomy for evaluation of FRL and prediction of PHLF, as well
as stratification of PVE and evaluation of segmental liver function.[2, 7-9] Erdogan et al.
reported a correlation between °°Tc-Mebrofenin and ICG for evaluation of total liver
function in addition to the added information about segmental functional capacity.[13]
Cieslak et al. concluded that preoperative **™Tc-Mebrofenin improved the outcome after

major liver resection with lower PHLF by assigning PVE according to liver function.[14]



[I.1.1Il. Gadoxetic acid-enhanced MRI as an imaging-based liver function

test: areview

Gadoxetic acid (Gd-EOB-DTPA, gadoxetate disodium; Primovist®/Eovist®, Bayer
HealthCare, Berlin, Germany) and gadobenate-dimeglumine (Gd-BOPTA; MultiHance®,
Bracco-Byk Gulden, Constance) are the two MRI hepatocyte-specific contrast agents
approved in Germany.[1] However, the percentage of hepatocellular uptake and biliary
excretion differs between Gd-BOPTA (3-5%) and gadoxetic acid (50%). Due to the low
hepatocellular uptake and biliary excretion, Gd-BOPTA has not been able to match up to
gadoxetic acid as an imaging-based liver function test.[15, 16]

Gadoxetic acid is absorbed via organic anion-transporting polypeptides (OATP 1B1/1B3),
which are transporters exclusively expressed on the membrane of the hepatocytes, and
subsequently excreted into the biliary system via multidrug resistance-associated protein
2 (MRP2) without any biotransformation.[17] By sharing similar pharmacokinetics with
mebrofenin, (both are absorbed by hepatocytes and excreted in bile without any
metabolic changes), the application of gadoxetic acid-enhanced MRI as a surrogate
imaging-based liver function test analogous to °°™Tc-mebrofenin HBS is justified,
specifically considering the higher temporal and spatial resolution and lack of ionizing
radiation.[1, 8]

Different approaches of varying complexity have been described to estimate global and
regional liver function using gadoxetic acid-enhanced MRI. By far, evaluation of gadoxetic
acid kinetics by signal intensity (SI) curves in dynamic hepatobiliary contrast enhanced
MRI (DHCE-MRI) is the most complex approach.[1, 16] The complexity of this approach
is mainly because signal intensity curves must be determined for each individual voxel.
Different indices are extracted including hepatic extraction fraction (HEF), input relative
blood flow (irBF), and mean transit time (MTT).[18, 19]

Another approach is evaluation of Sl-based indices. However, these indices are not
absolute values and could be influenced by variable non-disease related technical
parameters, such as strength of the radiofrequency amplifier, potency of receiver coils,
as well as the differences between MRI scanners and field strengths. Consequently,

guantitative evaluation of liver enhancement, i.e., liver function should not be based on
7



Sl changes before and after gadoxetic acid administration. Alternatively, several methods
have been reported based on SI measurements including RE of the liver as well as Sl
adjustment with tissues without transporter-mediated cellular gadoxetic acid uptake such
as spleen (liver-to-spleen ratio [LSR]) and paravertebral muscle (liver-to-muscle ratio
[LMR]).[17, 20, 21] By taking the liver volume into consideration, hepatocellular uptake
index (HUI) had a significant correlation with the ICG plasma disappearance rate (ICG-
PDR) as reported by Yamada et al.[22]

T1 relaxometry represents an alternative to Sl-based indices where T1 relaxation time is
reduced after gadoxetic acid administration because of its paramagnetic characteristic.
Unlike Sl-based indices, T1 relaxometry measurements are less variable (i.e., absolute)
and not influenced by the fore-mentioned technical parameters. The calculated
measurements include the T1 reduction rate (T1 RR, A%) which represents the rate of
reduction of T1 relaxation time between unenhanced and contrast-enhanced phases and
T1 relaxation velocity index (AR1). [20, 21, 23] Katsube et al. were the first to evaluate
gadoxetic acid-enhanced T1 relaxometry for assessment of liver function. They
demonstrated a significantly longer post-contrast T1 relaxation time (T1 post) in patients
with impaired liver function.[24] Recent studies demonstrated superiority of T1
relaxometry measurements over Sl-based indices for evaluation of global and segmental
liver function.[25, 26]

Noda et al. correlated enhancement of the biliary tract, in the form of Sl ratio of the biliary
tract to paravertebral muscles in gadoxetic acid-enhanced MRI, with different scoring
models. The study revealed a significant correlation of Sl ratio in the common bile duct
and cystic duct with the Child-Pugh classification, MELD score and aspartate

aminotransferase-to-platelet ratio index (APRI).[27]

Different studies have validated gadoxetic acid-enhanced MRI-based indices for
prediction of PHLF such as RE[28, 29], remnant hepatocyte uptake index (rHUI)[29], as
well as DHCE-MRI-based indices including HEF, irBF, HEFmL (HEF multiplied by the
whole liver volume) and remnant HEFmL ( HEF multiplied by residual liver volume)[30].



Noda et al. investigated a new gadoxetic acid-enhanced MRI-based index, the hepatocyte
fraction (HeF). Their results demonstrated a moderately negative correlation between this
new biomarker and the Child—Pugh classification (r = = 0.58, P < 0.0001) as well as a fair
to moderately negative correlation with the MELD score (r = - 0.57, P < 0.0001).[31]
Yoon et al. demonstrated a significant negative correlation between the hepatocyte
uptake ratio, a another recent gadoxetic acid-enhanced MRI quantitative index for the
amount of gadoxetic acid uptake into hepatocytes in T1 mapping and a dual-compartment
model, and ICG retention test (ICG-Ru1s).[32]

The aim of the present studies was to further validate gadoxetic acid-enhanced MRI as

an imaging-based liver function test.



[1.1l. Patients and methods:

In original work 1, out of 597 patients who underwent gadoxetic acid-enhanced MRI
examinations including T1 relaxometry between January 2015 and October 2016, we
retrospectively identified 168 patients who were also evaluated with the LIMAX test. Of
these 168 patients, 53 patients underwent MRI examinations < 30 days apart from the
LiIMAX test. Variable MRI-derived indices including T1 relaxation time before (T1 pre) and
20 min after gadoxetic acid administration (T1 post), T1 RR [((T1 pre — T1 post)/T1 pre)
x 100 (%)], total liver volume (TLV), and functional liver volume (FLV) were determined.
In addition, patients were classified into three subgroups depending on liver function
evaluation by LiIMAX test: patients considered to have normal liver function (LIMAX result
of >315 mg/kg/h), patients with impaired liver function (LiIMAX result of <315 mg/kg/h) and
patients with heavily impaired liver function (LIMAX result of <140 mg/kg/h).

Pearson correlations, multiple linear regression analysis, and receiver operating
characteristic (ROC) curve analysis were performed for T1 relaxometry-derived indices
(TT1 RR, TIRR x TLV, T1 RR x FLV, and T1 post), liver volumetry indices (TLV, FLV),
and bilirubin to identify the best predictor of liver function as determined by the LIMAxX
test. A LIMAX of 315 mg/kg/h and 140 mg/kg/h were used as cutoffs for ROC analysis.

In original work 2, we retrospectively identified a total of 1,116 patients who underwent
at least 2 serial gadoxetic acid-enhanced MRI examinations between August 2014 and
April 2018. The exclusion criteria were: 1. previous locoregional interventional treatments
for liver tumors (n = 534), 2. previous PVE (n = 13), 3. liver transplantation after the first
MRI examination (n = 2), and 4. technical problems during the examination resulting in
incomplete MRI (n = 13). After exclusion, 554 patients were included in the analysis.
RE of the liver in the HBP, LSR, and LMR were calculated. T1 RR was calculated in a
small group of patients (n=26) with available T1 mapping. The indices were calculated as
follows:

= RE = (Sl in HBP - Sl unenhanced)/ Sl unenhanced

= LMR =liver Sl in HBP/muscle Sl in HBP

= LSR =liver Sl in HBP/spleen Sl in HBP

= T1RR =((T1 unenhanced - T1 in HBP)/T1 unenhanced) x 100 (%)
10



Multiple linear regression analysis was used to investigate the possible predictors of RE
of the liver, i.e., liver function. Repeated measures analysis was performed using Linear
mixed model and Greenhouse—Geisser test with the timepoint of MRI serving as a fixed

variable.

In original work 3, we retrospectively identified a total of 129 patients with NETs who
underwent two or more serial gadoxetic acid-enhanced MRI examinations (a total of 539
MRI scans) between January 2014 and December 2018 and started chemotherapy in the
beginning of that time period. The chemotherapeutic agents were classified into 4 groups
depending on the degree of hepatotoxicity, with either no (group 1), minimal (group 2),
moderate (group 3), or severe (group 4) hepatotoxic effect. The aim of the grouping was
to calculate a “hepatotoxicity score” which was calculated for the period before and the
period after starting the chemotherapy. RE of the liver in the HBP ((SI in HBP - SI
unenhanced) / Sl unenhanced) was evaluated using linear mixed model analysis with
respect to different factors as fixed variables including the time between MRI
examinations, primary chemotherapy, hepatotoxicity score as well as age and gender. In
addition, binary logistic regression was used to verify whether the hepatotoxicity score
predicts a significant impact of chemotherapeutic agents on RE and subsequently liver

function.

11



[.11l. Results:

In original work 1, all T1 relaxometry-derived indices (T1 RR, T1 RR x TLV, T1 RR X
FLV, and T1 post) showed a statistically significant Pearson correlation (P < 0.001) with
LiIMAX test results and a statistically significant capacity to discriminate between patients
with LIMAX > 315 mg/kg/h and patients with LIMAX < 315 mg/kg/h (P < 0.001) with T1 RR
demonstrating the greatest area under the curve (AUC; 0.859). T1 RR critical value of
47% predicted LIMAX > 315 mg/kg/h with 94% sensitivity and 73% specificity. Similarly,
all the previously mentioned relaxometry-derived indices (T1 RR, TL RR x TLV, T1 RR X
FLV, and T1 post) demonstrated a statistically significant capacity to differentiate patients
with LIMAX > 140 mg/kg/h from patients with LIMAx < 140 mg/kg/h (P < 0.001) with T1
post yielding the greatest AUC (0.966), while T1 RR yielded the second greatest AUC
(0.956). A T1 post critical value of 573 msec predicted LIMAX < 140 mg/kg/h with 100%
sensitivity and 91% specificity. In multiple linear regression analysis with LIMAX test as
the dependent variable, only T1 RR proved to be a statistically significant predictor of the
outcome (P < 0.001). In addition, there was no significant difference between the 1.5 T
and 3 T field strengths regarding the ratio of LiMAX test to TI RR measurements (p=0.178)
in Mann—Whitney U-test.

In original work 2, paired t-test and Greenhous—Geisser test revealed no statistically
significant difference in RE, LSR, LMR, or T1 RR between any two consecutive MRI
examinations, while a statistically significant difference between the first and fourth MRI
scans was noted with the Greenhous—Geisser test. However, this significance was not
confirmed in the linear mixed model analysis. There was a significant negative correlation
of patient age with RE of the liver in the HBP (r = -0.130, p=0.002), LSR (r= -0.220,
p <0.001),and LMR (r=-0.117, p = 0.006), while no significant correlation was noted with
T1 RR (p =0.870). In a subgroup analysis of patients without liver cirrhosis, this
correlation was more marked (r = - 0.215, - 0.299 and - 0.188 for RE, LSR and LMR
respectively). In multiple linear regression analysis of different factors that may affect the
uptake of gadoxetic acid, only age, liver cirrhosis and serum bilirubin were statistically

significant predictors, i.e., significant predictors of RE of the liver.

12



In original work 3, other than age, linear mixed model analysis identified
chemotherapeutic agents with moderate or severe hepatotoxic effects, i.e., hepatotoxicity
score 3 or 4 respectively (Etoposide/Cisplatin, Etoposide/Carboplatin, FOLFOX,
Octreotide + Interferon, Lanreotide + Interferon, Sunitinib, and Temozolamide/
Capecitabine) as factors with a statistically significant negative impact on RE of the liver.
On the contrary, chemotherapeutic agents with hepatotoxicity score 1 or 2, i.e. agent with
no or only minimal hepatotoxic effect (Capecitabine, Everolimus, Octreotide, Lanreotide,
Streptozotocin/5-Fluorouracil and Temozolomide) had no significant impact on RE. That
is to say, the higher the hepatoxicity score of the chemotherapeutic agent, the higher the
tendency of a greater decline of RE over time. Binary logistic regression analysis
confirmed the results and yielded a perfect prediction (p < 0.001, R-squared of 0.7872) of

the hepatotoxicity score ascribed to the chemotherapeutic agents.

13



[.1V. Discussion:

As an imaging-based liver function test, gadoxetic acid-enhanced MRI has been recently
investigated and correlated with different model-based clinical scores (Child-Pugh
classification [33, 34] and MELD score [35, 36]), dynamic liver function tests (ICG [22, 23,
30, 37], and LiMAX test [17, 20]), and nuclear imaging techniques (*®*"Tc-mebrofenin HBS
[2, 8] and ®*MTc- GSA scintigraphy [12, 37]).

Other than the easy integration into routine clinical practice, assessment of spatial and
temporal distribution of liver function is a paramount advantage of gadoxetic acid-
enhanced MRI over laboratory investigations and clinical scoring models. The absence
of ionizing radiation is an added advantage over scintigraphy.[1]

The aim of the following studies was to further validate gadoxetic acid-enhanced MRI as

an imaging-based liver function test.

In original work 1, gadoxetic acid-enhanced MRI was compared with LIMAX test. We
selected LIMAX test, a novel dynamic bedside test which is considered a gold standard
for evaluation of functional liver capacity[38], because of its superiority over other liver
function tests such as ICG-PDR based on a better correlation between residual LIMAX
and post hepatectomy liver volume, compared to the residual ICG-PDR.[38]

In addition, the shared metabolic pathway between ICG and gadoxetic acid may cause
them to correlate better with each other rather than with the actual liver function.[34, 38]
On the contrary, the metabolic pathway of 13C-methacetin in LIMAX test is completely
different as it is exclusively metabolized in hepatocytes by cytochrome P450 1A2
(CYP1A2)[20] making the LiIMAX test more preferable for the corroboration of gadoxetic
acid-enhanced MRI as an imaging-based liver function test.

In our results, TI RR demonstrated the highest ability to predict liver function in correlation
with the LIMAX test. On the contrary, liver volumetry-derived indices (TLV and FLV) had
no significant correlation with the LiIMAX test. This observation was in disagreement with
previous studies supporting liver volumtery-derived indices for evaluation of liver
function.[22, 23] However, these studies correlated the volumetry-derived indices with the

ICG-PDR and not with LiIMAX test which might explain the discrepancy.

14



Further prospective studies directly comparing Sl-based indices (RE) with T1 relaxometry
in correlation with LIMAX test are recommended to further validate T1 relaxometry as an
imaging-based liver function test and to further emphasize its superiority over Sl-based
indices which was already suggested by several previous studies.[25, 26] Specifically,
since T1 relaxometry is not routinely implemented in the standard liver MRI examination.
Our study concluded that, as assessed by LiIMAXx test, gadoxetic acid-enhanced T1
relaxometry can quantitatively estimate liver function. Our study was in agreement with
two studies by Haimerl et al. comparing signal intensity-based indices[17] and T1

relaxometry[20] in gadoxetic acid-enhanced MRI with LIMAX test.

In original work 2, the consistency and reproducibility of RE of the liver over short periods
of time and across different MRI scanner types and field strengths further underscore
gadoxetic acid-enhanced MRI as an imaging-based liver function test. Another finding in
our study was the negative correlation between patient age and RE as well as with LSR
and LMR and this correlation was more evident in non-cirrhotic patients. This observation
was consistent with a previous study by Verloh et al.[39] Other than age, only liver
cirrhosis and serum bilirubin were statistically significant predictors of RE and
consequently, liver function. Our results were consistent with variable previous studies.
Zhao et al. concluded that RE was significantly higher in patients without liver cirrhosis
and in Child-Pugh class A patients than in patients with Child-Pugh class B and C
(P<0.001). In addition, they demonstrated a statistically negative correlation (P<0.01) of
RE with serum total bilirubin (r=-0.263), albumin (r=0.328) and prothrombin time (r=-
0.24).[40] Kim et al. revealed similar results regarding the negative correlation between
RE and the stage of liver cirrhosis. Furthermore, serum total bilirubin, albumin, sodium,
aspartate aminotransferase, platelet count, prothrombin activity, as well as the presence
of ascites demonstrated a significant correlation with RE.[33]

In our study, the RE the liver in the HBP gradually decreased over longer period of time.
The reduction in RE was also observed in a subgroup of patients who underwent liver

resection (n = 42 patients) between two successive MRI scans.
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In a subgroup of patients who underwent chemotherapy (238 patients), a statistically
significant decrease in RE between two consecutive MRI examinations was primarily

attributed to the hepatotoxicity induced by chemotherapeutic agents.

Original work 3 was based on this finding. We investigated the possibility of concomitant
assessment of the hepatotoxicity of different chemotherapeutic agents in patients with
NETSs using gadoxetic acid-enhanced MRI, which is already included in the routine follow-
up schemes of these patients either to monitor or exclude liver metastases. Far as we
know, we were the first to analyze the hepatotoxic effect of chemotherapy using gadoxetic
acid-enhanced MRI.

In this retrospective study, we observed that monitoring of liver function in oncology
patients using liver function tests such as the ICG-PDR or the LIMAX test, was not
routinely performed, possibly for cost reasons. Alternatively, surrogate parameters as
serum bilirubin, albumin, and international normalized ratio (INR) were used. However,
these laboratory investigations are susceptible to different factors that may alter their
values, which can be completely unrelated to the chemotherapy-induced hepatotoxic
effects such as hyperbilirubinemia due to biliary obstruction, hypoalbuminemia secondary
to diminished protein intake or malabsorption and anticoagulation therapy effect on INR.
Our results further corroborate the current hepatotoxicity classification system of different
chemotherapeutic agents and validates gadoxetic acid-enhanced MRI for assessment of
the hepatotoxic effect of different chemotherapeutic agents and consequently, as an
imaging-based liver function test. Further prospective studies are needed to validate our
results and to address other malignancies such as colorectal cancer.

Our studies had several limitations. The retrospective design was a common limitation
between the three studies. In original work 1, the study was limited by the small total
number of patients (n = 53), and in particular, the small number of patients with severely
impaired liver function (n = 8). In original work 2, the rather small number of patients
examined with T1 mapping sequences (n = 26), may have rendered the results of this
subgroup analysis less valid. In original work 3, gadoxetic-acid-enhanced MRI was not

correlated with other liver function tests to further corroborate its validity. In addition, the
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underrepresentation of category 4 chemotherapeutic agents may have limited the validity
of the results with respect to this group.

17



[I.V. Summary and Conclusion:

Since the introduction of the hepatocyte-specific contrast agent - gadoxetic acid - in
clinical practice, gadoxetic acid-enhanced MRI has been thoroughly investigated as an
imaging-based liver function test. Advantages of this modality include the easy integration
into routine diagnostic work up in a cost neutral manner, non-invasiveness, absence of
ionizing radiations, plus the concomitant evaluation of liver vasculature, and biliary tree
(both anatomical and functional), as well as characterization of hepatic focal lesions.
Specifically, the high temporal and spatial resolution, and the ability to estimate regional
functional liver capacity are the most important advantages over other liver function tests.

The significant correlation of T1 relaxometry derived-indices with LIMAX test, the
consistency and reproducibility of RE of the liver over time and across different MRI
scanners and field strengths, as well as the possibility of estimating chemotherapy-
induced liver impairment, i.e., the hepatotoxic effect of different chemotherapeutic agents
using gadoxetic acid-enhanced MRI, represent the major findings in our studies. These
observations further emphasize gadoxetic acid-enhanced MRI as an imaging-based liver
function test, which could have a paramount influence on patient care as it may be easily

integrated into clinical routine.
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