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I. Abbreviations 

HCC   hepatocellular carcinoma 

NASH  non-alcoholic steatohepatitis 

MRI  magnetic resonance imaging 

DEB-TACE drug-eluting bead transarterial chemoembolization 

TME  tumor microenvironment  

ADC  apparent diffusion coefficient  

DWI  diffusion-weighted imaging 

HIF-1a  hypoxia induced factor-1  

VEGF  vascular endothelial growth factor 

DCE-MRI dynamic contrast-enhanced magnetic resonance imaging 

ECM  extracellular matrix 

pHe  extracellular pH 

BIRDS  biosensor imaging of redundant deviation in shifts 

AST  aspartate aminotransferase 

ALT  alanine aminotransferase 

MOLLI modified look-locker inversion recovery sequence 

RE  relative enhancement 

H&E   hematoxylin and eosin  

PCNA  proliferating cell nuclear antigen 

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling 

LA-ICP-MS laser ablation inductively coupled plasma mass spectrometry 

SASHA  saturation recovery single-shot acquisition 

CEST  chemical exchange saturation transfer 
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II. Abstract 

Deutsch  

Diese Forschung wurde original publiziert in:  

1. Borde T, Laage Gaupp F, Geschwind JF, Savic LJ, Miszczuk M, Rexha I, Adam L, Walsh JJ, 

Huber S, Duncan JS, Peters DC, Sinusas A, Schlachter T, Gebauer B, Hyder F, Coman D, van 

Breugel JMM, Chapiro J. Idarubicin-Loaded ONCOZENE Drug-Eluting Bead 

Chemoembolization in a Rabbit Liver Tumor Model: Investigating Safety, Therapeutic 

Efficacy, and Effects on Tumor Microenvironment. J Vasc Interv Radiol. 2020 

Oct;31(10):1706-1716.e1. 

2. Keller S, Borde T, Brangsch J, Reimann C, Kader A, Schulze D, Buchholz R, Kaufmann JO, 

Karst U, Schellenberger E, Hamm B, Makowski MR. Assessment of the hepatic tumor 

extracellular matrix using elastin-specific molecular magnetic resonance imaging in an 

experimental rabbit cancer model. Sci Rep. 2020 Nov 27;10(1):20785. 

3. Keller S, Borde T, Brangsch J, Adams LC, Kader A, Reimann C, Gebert P, Hamm B, Makowski 

M. Native T1 Mapping Magnetic Resonance Imaging as a Quantitative Biomarker for 

Characterization of the Extracellular Matrix in a Rabbit Hepatic Cancer Model. Biomedicines. 

2020 Oct 13;8(10):412.  

Dieser Abstract wurde anteilig aus den oben genannten Publikationen übersetzt und adaptiert. 

Zielsetzung:  

Ziel der Studien war die Etablierung nicht-invasiver, quantitativer Prädiktoren mittels 

multiparametrischer MRT (mpMRT) für eine frühere Identifizierung solider Lebertumoren und 

Charakterisierung tumor- sowie therapie-assoziierter Veränderungen des Tumormikromilieus. 

Methodik:  

39 weiße Neuseeländer Kaninchen mit orthotop implantierten VX2 Lebertumoren wurden 

entweder in diagnostische Studienarme randomisiert (N=30) bzw. durchliefen transarterielle 

Chemoembolisation mit Idarubicin-beladenen Oncozene® Mikrosphären in einem Durchmesser 

von 40µm (N=5) oder 100µm (N=4). Im diagnostischen Studienarm erfolgte die 3T mpMRT 14, 

21 und 28 Tage nach Tumorimplantation und beinhaltete neben einer MOLLI Sequenz für T1 

Mapping die Applikation eines Elastin-spezifischen MRT-Kontrastmittels (ESMA, N=12) zur 

Beurteilung der extrazellulären Matrix. In der Therapiegruppe erfolgte die mpMRT 24-72h post-

interventionell und beinhaltete neben dynamischen, kontrastverstärkten (DCE-MRT) und 

Diffusions-gewichteten (DWI) MRT-Sequenzen eine Biosensor imaging of redundant deviation 
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in shifts (BIRDS) Sequenz zur Beurteilung des extrazellulären pHs (pHe). Die laborchemische 

und ex-vivo Analyse umfasste histopathologische und immunhistochemische Färbungen, 

konfokale Fluoreszenz-Mikroskopie sowie die Elementen-spezifische Laserablations-

Massenspektrometrie (LA-ICP-MS) zur Bestimmung der Elastin-spezifischen 

Kontrastmitteldistribution. 

Ergebnisse:  

Im nativen T1 Mapping gelang eine Unterscheidung zwischen dem vitalen Tumorrand, dem 

partiell nekrotisierten Tumorkern und der peritumoralen Umgebung (F(1,43; 34,26) = 106,93, 

P<0,001). Die Anwendung von ESMA ergab eine verbesserte Abgrenzbarkeit der einzelnen 

Tumorregionen im Vergleich zu Gadobutrol (χ²(4) = 65,87; P<0,001) und korrelierte mit der 

histopathologisch (r=0.84, P<0.001) und mittels LA-ICP-MS gesicherten (r=0,73, P<0,01) 

extrazellulären Elastinakkumulation. Embolisierte Tumore zeigten eine Devaskularisierung des 

zuvor hyperenhancenden Tumorrandes in der DCE-MRT (mittleres arterielles Enhancement [%] 

8 ± 12 vs. Kontrollen 36 ± 51, P=0,07) sowie eine Zunahme der Diffusionskapazität in DWI 

(apparenter Diffusionskoeffizient [x10-3mm2/s] 1,89 ± 0,18 vs. Leber 2,34 ± 0,18, P=0,002) in 

beiden Mikrosphärengrößen. BIRDS zeigte eine deutliche Tumorazidose prä- (mittlerer pHe 

Tumor 6,79 ± 0,08 vs. Leber 7,13 ± 0,08, P=0,02) und post-therapeutisch (Tumor 6,8 ± 0,06 vs. 

Leber 7,1 ± 0,04, P=0,007). Die mittels der mpMRT quantifizierten Therapieeffekte korrelierten 

mit den Labor- und histopathologischen Analysen in beiden Mikrosphärendurchmessern. 

Schlussfolgerung:  

Die Kombination aus unterschiedlichen, quantitativen, nicht-invasiven Prädiktoren in der mpMRT 

erlaubt, den Tumor und die Tumormikroumgebung verlässlich zu charakterisieren sowie 

therapiebezogene Veränderungen zu quantifizieren. Dies ermöglicht, Lebertumore in früheren 

Stadien zu detektieren und das Therapieansprechen nach lokoregionären Therapien 

vorauszusagen.   
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English 

This research was originally published in:  

1. Borde T, Laage Gaupp F, Geschwind JF, Savic LJ, Miszczuk M, Rexha I, Adam L, Walsh JJ, 

Huber S, Duncan JS, Peters DC, Sinusas A, Schlachter T, Gebauer B, Hyder F, Coman D, van 

Breugel JMM, Chapiro J. Idarubicin-Loaded ONCOZENE Drug-Eluting Bead 

Chemoembolization in a Rabbit Liver Tumor Model: Investigating Safety, Therapeutic 

Efficacy, and Effects on Tumor Microenvironment. J Vasc Interv Radiol. 2020 

Oct;31(10):1706-1716.e1. 

2. Keller S, Borde T, Brangsch J, Reimann C, Kader A, Schulze D, Buchholz R, Kaufmann JO, 

Karst U, Schellenberger E, Hamm B, Makowski MR. Assessment of the hepatic tumor 

extracellular matrix using elastin-specific molecular magnetic resonance imaging in an 

experimental rabbit cancer model. Sci Rep. 2020 Nov 27;10(1):20785. 

3. Keller S, Borde T, Brangsch J, Adams LC, Kader A, Reimann C, Gebert P, Hamm B, Makowski 

M. Native T1 Mapping Magnetic Resonance Imaging as a Quantitative Biomarker for 

Characterization of the Extracellular Matrix in a Rabbit Hepatic Cancer Model. Biomedicines. 

2020 Oct 13;8(10):412.  

This abstract was adapted from the above-mentioned publications.  

Purpose:  

These studies aimed to employ multiparametric MRI (mpMRI) to establish non-invasive, 

quantitative imaging biomarkers for the early detection of solid liver tumors and the 

characterization of tumor- and therapy-associated microenvironmental tumor alterations. 

Methods:  

39 New Zealand White rabbits with orthotopically implanted VX2 liver tumors were subjected to 

diagnostic study arms (N=30) or underwent drug-eluting bead transarterial chemoembolization 

(DEB-TACE) with either 40µm (N=5) or 100µm (N=4) idarubicin-loaded Oncozene® 

microspheres. 3T mpMRI was performed 14, 21, and 28 days following tumor implantation in the 

diagnostic study groups including a MOLLI sequence for native T1 mapping and a gadobutrol-

based and elastin-specific, molecular MRI contrast agent (ESMA, N=12) to evaluate the 

extracellular matrix. In the treatment arm, mpMRI was performed 24-72h post-TACE and included 

dynamic contrast-enhanced (DCE) MRI, diffusion-weighted imaging (DWI), and biosensor 

imaging of redundant deviation in shifts (BIRDS) assessing the extracellular pH (pHe). Laboratory 

parameters and ex-vivo analysis included histopathological and histochemical staining, 
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fluorescence confocal microscopy, and element-specific, laser ablation inductively coupled mass 

spectrometry (LA-ICP-MS) for gadolinium-bound elastin contrast distribution.   

Results:  

Native T1 mapping accurately distinguished the viable tumor rim from the partly necrotic tumor 

center and peritumoral surrounding (F(1.43,34.26) = 106.93, P<0.001). MpMRI using the elastin-

specific contrast agent demonstrated a superior discrimination of the different tumor regions 

compared to gadobutrol (χ²(4) = 65.87; P<0.001) and significantly correlated with elastin fiber 

depositions quantified in histopathology (R = 0.84, P<0.001) and LA-ICP-MS (R=0.73, P<0.01). 

Embolized tumors demonstrated a devascularization of the previously hyper-enhanced, viable 

tumor rim in DCE-MRI (mean arterial enhancement [%] 8 ± 12 vs. controls 36 ± 51, P=0.07) as 

well as post-procedural increases in diffusion in DWI (apparent diffusion coefficient [x10-3mm2/s] 

1.89 ± 0.18 vs. liver 2.34 ± 0.18, P=0.002) in both microsphere sizes. BIRDS demonstrated 

profound tumor acidosis pre- (mean pHe tumor 6.79 ± 0.08 vs. liver 7.13 ± 0.08, P=0.02), and 

post-TACE (tumor 6.8 ± 0.06 vs. liver 7.1 ± 0.04, P=0.007). The therapeutic effects quantified by 

mpMRI were confirmed in laboratory analyses and histopathology in both microsphere diameters.  

Conclusions:  

The combination of different, quantitative, non-invasive imaging biomarkers in mpMRI allows for 

a reliable characterization and quantification of the tumor and tumor microenvironmental 

alterations and therapy-related changes following DEB-TACE. Therefore, mpMRI may be used 

to detect liver tumors in earlier stages and predict tumor response to locoregional therapies.  
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III. Manteltext 

Introduction 

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide. 

Incidence rates are still increasing, particularly in Western populations, developing countries in 

Asia, and northern Africa. This is in part due to the rise of obesity-related non-alcoholic 

steatohepatitis (NASH) and the fact that hepatitis B and C infection rates continue to persist (1). 

In addition to laboratory parameters, the current guideline-approved approach to diagnose HCC 

encompasses radiological imaging such as liver ultrasound, computed tomography, or magnetic 

resonance imaging (MRI). MRI represents the most sensitive radiological technique to diagnose 

HCC and can replace biopsies in larger lesions (2, 3). Due to its characteristic arterial blood supply, 

HCC typically presents with early contrast deposition in the arterial contrast phase and wash-out 

patterns in the portalvenous and venous phases. However, in a majority of patients, HCC develops 

on the basis of liver cirrhosis, a state of chronic liver injury characterized by an irreversible scarring 

and fibrotic remodeling of the liver parenchyma. These background tissue abnormalities can 

render an early detection of a tumor formation more challenging. As a result of the late onset of 

clinical symptoms, more than 70% of patients with HCC are diagnosed with an intermediate to 

advanced stage disease with no amenability for curative treatment (1, 4). The prognosis of patients 

with an advanced disease is dismal with a 5-year survival rate of < 15% and a median overall 

survival of 6 to 20 months following diagnosis (5, 6). Therefore, early detection of HCC has a 

considerable impact on the clinical outcome of the patient. The guideline-approved mainstay of 

palliative therapy in this large subset of patients are locoregional, liver-directed intra-arterial 

therapies such as conventional or drug-eluting bead (DEB) transarterial chemoembolization 

(TACE) (7, 8). These intra-arterial therapies rely on the dual blood supply of the liver and comprise 

different techniques, chemotherapeutic agents and embolic vectors to locally induce tumor cell 

death with a reduced systemic drug exposure. These treatments have been shown to prolong overall 

survival or down-size and bridge the tumor to liver transplant (7, 9). The efficacy of these 

locoregional, image-guided therapies is largely impacted by a high individuality and variability of 

the biochemical	composition of the tumor microenvironment (TME), which plays a critical role in 

tumor viability, growth potential, local aggressiveness and tumor responsiveness to treatment (10).  

The TME largely consists of stromal cells, vascular networks, and an extracellular matrix 

dominated by collagen and elastin proteins. This highly individual composition of the TME 

contributes to the carcinogenic phenotype and profoundly influences the tumor’s susceptibility to 
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standardized therapy regimes (10). Particularly the tumor response to hypoxia which is intensified 

in perpetually proliferating tumor cells without an adequate oxygen perfusion, considerably 

enhances tumor angiogenesis, hyperglycolysis and acidification of the tumor environment (11-13). 

These distinctive transformations in pathologically altered tumor tissues are increasingly assessed 

non-invasively with the help of MRI. The rapid tumor progression of HCC often results in central 

necrosis within the tumor. The length and duration of tumor hypoxia determines the extent of 

tumor necrosis (14). The resulting breach of cellular membranes and the degradation of the cellular 

integrity is inversely correlated to the degree of water diffusion inside the tissue. Thus, increased 

mobility of water molecules due to dispersed, necrotic cell debris and an increased tumor 

vascularity lead to a characteristic diffusion profile of HCC that can be non-invasively quantified 

with the apparent diffusion coefficient (ADC) map in MRI-based diffusion-weighted imaging 

(DWI) (15). The impedance of water molecule diffusion is, therefore, directly attributable to the 

tissue cellularity and produces low signal attenuation. By contrast, an increase in the water 

molecule dynamic due to disintegrated cell compounds generates high ADC values. Thus, DWI 

presents an auxiliary MRI sequence in the detection and evaluation of aberrant tissue patterns in 

HCC.  

Previous studies of HCC have shown that a mild hypoxic environment leads to an overexpression 

of hypoxia induced factor-1 (HIF-1a), which stimulates tumor growth, suppresses cell apoptosis, 

and inhibits tumor differentiation. These effects culminate to form an aggressive, anaplastic tumor 

cell proliferation (12, 16, 17). Tumor hypoxia in HCC may be even exacerbated by intra-arterial 

therapies such as TACE when only marginally affected tumor cells do not undergo cell death (18). 

Insufficient oxygen supply further stimulates the expression of angiogenic mediators such as the 

vascular endothelial growth factor (VEGF) to expand and reinstate the vascular network of HCC 

(19). This predominantly HIF-1α induced and dysregulated neo-angiogenesis leads to the 

characteristic hypervascularity seen in the HCC phenotype (20). In fluoroscopy, this hypervascular 

vessel pattern is useful for localizing the tumor and forms a visible contrast blush distinct from 

normal liver parenchyma. Tumor associated neo-vasculature is a hallmark of cancer which is 

already apparent in premalignant, non-invasive lesions such as in situ carcinomas (10). Therefore, 

perfusion and permeability-based imaging represent a useful tool to detect early hypervascularity 

and potentially identify HCC in earlier stages. Within this context, dynamic contrast-enhanced 

MRI (DCE-MRI) was established to accurately visualize perfusion patterns as well as intra- and 

extravascular volume fractions (21, 22).  

The tumor response to hypoxia and the influential effects of HIF-1α on the TME gradually change 

in the composition of the extracellular matrix (ECM). Recently, HIF-1α was found to directly 
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catalyze the cross-linkage of collagen and elastin fibers, as the most abundant structural proteins 

of the ECM (23). This hypoxia-driven ECM remodeling and the generally enhanced production of 

ECM components in the course of tumorigenesis contribute to an increased ECM stiffness (24). 

Schrader et al. have demonstrated that a pathologically reorganized, increased matrix stiffness is 

directly correlated with tumor cell proliferation and chemotherapeutic resistance in HCC (25). 

Therefore, an increase in elastin and collagen fibers in the ECM is associated with an increase in 

the cumulative incidence of HCC (26). Furthermore, elastin is an elastic protein forming an 

essential component to enable the elasticity of blood vessels. Correspondingly, elastin is also found 

in subendothelial spaces of sinusoids and with increasing quantity in the aberrant vascular network 

of HCC due to portal hypertension induced fibrotic remodeling within the liver and tumor (27). 

Recent attempts to non-invasively study the extent of ECM remodeling led to the development of 

a molecular elastin-specific MR contrast agent with the capacity to successfully image and 

quantify the elastin content in cardiovascular diseases on the basis of signal intensity (28-30). The 

successful implementation of this non-invasive ECM characterization in cardiovascular imaging 

can be applied to oncologic imaging including the process of liver cirrhosis transforming into 

HCC. Another potential approach to improve the detectability of HCC in clinical routine is native 

T1 mapping. Without the use of a contrast medium, native T1 mapping measures longitudinal T1 

relaxation times, which primarily depend on the extracellular water volume fraction and vary 

significantly across different tissue types (31). Consequently, an increased interstitial fluid 

accumulation such as in tissue edema (32), or an increased, fibrotic ECM reformation were 

successfully exposed in various organs with high signaling native T1 mapping (33-36). Thus far, 

there is limited data on the characterization of the TME in liver tumors using native T1 mapping. 

The substantial impact of a predominantly hypoxia-driven interaction between the tumor and the 

TME on the extracellular tumor milieu is further intensified by an extensively increased glucose 

metabolism in cancer cells (37). The tumor-associated reliance on oxygen-independent glycolysis 

rather than mitochondrial oxidative phosphorylation is further accelerated by HIF-1α induced 

pathways. This seemingly counterintuitive hyperglycolysis not only preserves tumor energy 

coverage but also leads to the inevitable metabolic synthesis of large amounts of by-products such 

as lactate and protons. Their active extracellular transfer and deposition in the interstitial space 

gradually acidify the surrounding TME. This local, extracellular acidosis creates an intricate tumor 

niche with pro-tumorigenic and immune evading properties that has been found to be increasingly 

associated with tumor aggressiveness and resistance to therapy (38, 39). Thus, the extracellular pH 

(pHe) of the TME can be used as an early indicator for tumor progression as well as therapy 

responsiveness (40). Based on the complex role of TME acidification in the course of 
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carcinogenesis, Coman et al. have successfully established a quantitative MR biosensor imaging 

of redundant deviation in shifts (BIRDS) sequence which is based on the chemical shifts of non-

exchangeable protons from macrocyclic chelates to non-invasively generate in vivo pHe maps. 

The use of this MR-based quantification of the local tumor pH relative to unaffected parenchyma 

can serve as a clinical and non-invasive biomarker to detect metabolic aberrations in early cancer 

development and longitudinally assess anticancer therapy responsiveness (41). 

Therefore, the purpose of this translational work was to employ multiparametric MRI in order to 

investigate and establish non-invasive, quantitative imaging biomarkers for the early detection of 

solid liver tumors. In a second step, this comprehensive multiparametric MRI biomarker panel was 

used to monitor tumor microenvironmental changes induced by locoregional therapy in a 

translational orthotopic liver cancer animal model.  
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Methodology 

This research was originally published in:  

1. Borde T, Laage Gaupp F, Geschwind JF, Savic LJ, Miszczuk M, Rexha I, Adam L, Walsh JJ, 

Huber S, Duncan JS, Peters DC, Sinusas A, Schlachter T, Gebauer B, Hyder F, Coman D, van 

Breugel JMM, Chapiro J. Idarubicin-Loaded ONCOZENE Drug-Eluting Bead 

Chemoembolization in a Rabbit Liver Tumor Model: Investigating Safety, Therapeutic 

Efficacy, and Effects on Tumor Microenvironment. J Vasc Interv Radiol. 2020 

Oct;31(10):1706-1716.e1. 

2. Keller S, Borde T, Brangsch J, Reimann C, Kader A, Schulze D, Buchholz R, Kaufmann JO, 

Karst U, Schellenberger E, Hamm B, Makowski MR. Assessment of the hepatic tumor 

extracellular matrix using elastin-specific molecular magnetic resonance imaging in an 

experimental rabbit cancer model. Sci Rep. 2020 Nov 27;10(1):20785. 

3. Keller S, Borde T, Brangsch J, Adams LC, Kader A, Reimann C, Gebert P, Hamm B, Makowski 

M. Native T1 Mapping Magnetic Resonance Imaging as a Quantitative Biomarker for 

Characterization of the Extracellular Matrix in a Rabbit Hepatic Cancer Model. Biomedicines. 

2020 Oct 13;8(10):412.  

The following text describes the already published Material and Methods in detail.  

Animal tumor model  
All three translational experimental studies (in the following named study A, B and C) were 

designed in view of the ARRIVE guidelines (42) and conducted in accordance with institutional 

guidelines under approved Institutional Animal Care and Use Committee protocols as well as 

approved Animal Welfare Act and regulations of the Federation of Laboratory Animal Science 

Associations. Adult New Zealand white rabbits (weight 3.8 ± 0.4 kg, Charles Liver Laboratories) 

were considered as the appropriate tumor model (43, 44). In all three translational studies, tumor 

implantation was performed equally as previously described (45). In brief, VX2 tumors were 

injected intramuscularly into the hind limb of donor rabbits and allowed to grow for three weeks 

until a desirable tumor size of 1-2 cm was obtained. Subsequently, the tumor chunks were 

explanted and processed. Approximately 0.4 ml of the harvested tumor medium were injected into 

the left hepatic lobe of the recipient rabbits via mini laparotomy. Auxiliary heat support was 

applied. The tumors were at least grown for another 2 weeks until a desirable size of 1-2 cm was 

reached, and further experimental conductance was initialized. All rabbits were pre-operatively 

anesthetized with either subcutaneous injection of medetomidine hydrochloride (0.25 mg/kg body 
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weight), and ketamine hydrochloride (30 mg/kg body weight) or a combination of ketamine (30 

mg/kg body weight), acepromazine (2 mg/kg body weight), and xylazine (5 mg/kg body weight) 

depending on availability. Post-operative analgesia was achieved with either a nonsteroidal anti-

inflammatory drug (e.g. carprofen 4 mg/kg body weight) for three days or an opioid analgesic 

(buprenorphine 0,02 mg/kg body weight) following more invasive procedures.  

Overall experimental design 
In order to ensure an operational overview, the overall experimental design of the three 

translational studies will be described individually.  

The first diagnostic study (A) was designed to evaluate the diagnostic accuracy of T1 mapping 

and involved a total of 27 rabbits that were randomly stratified into three groups (N = 9). Terminal 

MRI was acquired 14, 21 and 28 days following intrahepatic tumor implantation (Figure 1). 

Immediately after image acquisition, animals were sacrificed, after which tumor and liver samples 

were extracted and processed for histopathological evaluation accordingly. 

As part of the aforementioned diagnostic study, twelve rabbits were additionally randomized into 

four groups following intrahepatic tumor implantation in order to investigate the applicability and 

efficacy of the elastin-specific contrast agent (study B). Therefore, three groups (N = 3) underwent 

MRI on two consecutive days equally either two (day 14 + 15), three (day 21 + 22) or four (day 

28 + 29) weeks after intrahepatic tumor implantation. Animals were sacrificed after image 

acquisition. Liver and tumor samples were harvested, and immediately sectioned for 

histopathological processing as described in the first diagnostic study. An additional longitudinal 

study arm (N = 3) was subjected to MRI on two consecutive days (14 + 15 and 28 + 29 days) after 

the original intrahepatic tumor implantation (Figure 2).  

The third and preclinical treatment study (C) involved twelve rabbits that were randomly assigned 

to DEB-TACE with 40 µm (N = 5) or 100 µm (N = 4) Oncozene® microspheres or an untreated, 

control group (N = 3, Figure 3). In order to investigate potential treatment-induced organ 

impairments, blood samples were collected pre-TACE, and at 5 min, 24 h and 48 h post-

procedurally. Terminal, multiparametric MRI including perfusion, diffusion and pHe-weighted 

sequences was acquired within 24-72 hours post-TACE or at a simultaneous timepoint for 

untreated controls. Following image acquisition, animals were euthanized and necropsied. Liver 

tumors were immediately explanted, sectioned and processed for immunofluorescent and 

histopathological evaluation.  
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Image acquisition and analysis 

In all three translational study arms, MRI was performed under deep sedation in a 3 Tesla clinical 

scanner (mMR Biograph for the two diagnostic study groups [A+B], and Prisma Siemens Medical 

Solutions, Erlangen, Germany for the TACE treatment study arm [C]) using a clinically approved 

15-channel RF coil. General image acquisition included T1-weighted and T2-weighted sequences 

for anatomical imaging in all study groups (repetition time [TR]/ echo time [TE] 5.2/2.5 ms, field 

of view [FOV] 200 x 200 mm2, 128 x 128 matrix). T2-weighted spin echo scout images were 

acquired with respiratory gating. 

The first diagnostic study arm (A) specifically included a conventional, anatomical T2-weighted 

(TR/TE 5500/90 ms, voxel size 0.5 × 0.5 × 3.0 mm3, FOV 180 × 180 mm2) and T1-weighted 

Dixon sequence (TR/TE 4.76/1.49 ms, voxel size 0.5 × 0.5 × 2.0 mm3, FOV 272 × 272 mm2) in 

combination with a steady-state precession readout single-shot modified look-locker inversion 

recovery sequence (MOLLI) (TR/TE 1155/2.45 ms, voxel size 1.0 × 1.0 × 3.0 mm3, FOV 250 × 

250 mm2) to acquire native T1 maps. The T1 maps were automatically computed on a pixel-by-

pixel basis and immediately available after MRI acquisition. In the generated color map, the signal 

intensity (SI) of each pixel reflected the absolute T1 value of the underlying tissue. Tumor regions 

were manually segmented into a central, marginal and peritumoral region.  

The second diagnostic study arm (B) additionally included an elastin-specific molecular contrast 

agent (ESMA; Lantheus Medical Imaging, North Billerica, MA) composed of a D-amino-acid 

homophenylalanine which is linked to a gadolinium-diethylenetriaminepentaacetic acid complex 

(30). Animals were scanned on two consecutive days with an intravenous injection of gadobutrol 

(Gadovist 1.0 mmol/ml, Bayer Healthcare AG, Berlin) on the first day and the intravenous 

administration of the elastin-specific contrast agent in a clinical dose of 0.2 mmol/kg on the second 

day. Additional pre-contrast scans were conducted prior to the application of the elastin-specific 

probe to preclude any residual intrahepatic gadobutrol deposition. A three-dimensional gradient-

recalled-echo (GRE) sequence, which is routinely performed for liver imaging in clinical practice 

due to its thin-section images with fat saturation and high signal-to-noise ratio (46, 47), was 

acquired before and 20 minutes after contrast injection (T1 volumetric interpolated breath-hold 

examination (VIBE), TR/TE 5.0/2.18 ms, FOV 180 x 180 mm2, voxel size 0.7 x 0.7 x 1.0 mm3, 

NSA 2). Tumors were similarly segmented into a central and marginal zone. The relative 

enhancement (RE) was calculated using the formula:  𝑅𝐸	 = ("#!"#$%"&$'(#$$	"#!')%"&$'(#$)
"#!')%"&$'(#$

 

Within the third, translational embolization study (C), contrast-enhanced multidetector CT was 

acquired pre-TACE to ensure adequate tumor growth prior to the liver-directed intervention. Apart 
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from common anatomical T1- and T2-weighted sequences, multiparametric MRI included specific 

sequences to gain a comprehensive estimation of alterations within the TME of untreated liver 

tumors as well as TME changes following anti-cancer therapy. Tumor perfusion and vascularity 

were assessed on DCE T1-weighted images using a 3D VIBE sequence with CAIPIRINHA 

parallel imaging (48, 49) (TR/TE 3.45/1.28 ms, matrix 192 x100, FOV 200 x 120 mm2, 1 x 2 x 

2.5 mm3). By means of repeated image acquisition before, during, and after the bolus injection of 

0.1 mmol/kg intravenous gadolinium (Magnevist, Bayer Healthcare, Germany), consecutively 

generated DCE-MRI data maps depicted the percentage of tumor and liver enhancement at arterial 

and venous contrast phases compared to baseline non-contrast imaging data. DWI-MRI 

contributed to the evaluation of cellularity and diffusion using different b-values (50-800 s/mm2). 

The corresponding ADC values were automatically extracted by means of a region of interest 

placement in the tumor core, tumor rim and normal extra-tumoral parenchyma in single diffusion-

weighted images. Subsequently, they were depicted on corresponding ADC maps. In order to non-

invasively quantify the extracellular pH, the BIRDS sequence was acquired by measuring 

chemical shifts of pH sensitive resonances from the macrocyclic chelate DOTP8- (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetrakis-(methylenephospho-nate)) complexed with the 

paramagnetic TmDOTP5- (Macrocyclis, Inc., Plano, TX) (50, 51) (TR 8 ms, FOV 200 x 200 x 

250 mm2, voxel resolution 8 x 8x 10 mm3, 2197 rectangular encoding steps. A dual band Shinnar-

Le Roux pulse of 640 µs was used for excitation.). The pHe of the tumor, tumor rim and liver 

parenchyma were calculated from the H2, H3 and H6 chemical shifts as previously described (52).  

Drug-eluting bead transarterial chemoembolization procedure 

In group C, following adequate tumor growth confirmed by pre-procedural CT, DEB-TACE was 

performed according to previous procedural reports (43, 53). In summary, after careful surgical 

cut down of the right femoral artery access, a 3-French vascular sheath (Cook, Inc., Bloomington, 

IN, USA) was inserted followed by the introduction of a 2-French microcatheter (JB1 catheter; 

Cook, Inc., Bloomington, IN, USA) into the common hepatic artery. An arteriogram was then 

performed to identify the tumor as a region of hypervascular blush and to delineate the arterial 

road map to the left liver lobe. Subsequently, a 0.014” guidewire (Transend wire, Boston 

Scientific, USA) was selectively placed in the tumor-feeding hepatic artery. A microsphere 

suspension containing Oncozene® microspheres in either 40 μm or 100 μm diameter was prepared 

using 15 mg idarubicin per 3 ml microspheres, added to 7.5 mL contrast (Omnipaque 350, GE 

Healthcare) and 7.5 ml distilled sterile water, and aliquoted into a 0.5 ml syringe for delivery. The 

microsphere suspension was then slowly injected under real-time fluoroscopy monitoring to 
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prevent nontarget delivery. The endpoints of the embolization were complete administration of the 

microsphere suspension or premature stagnation of blood flow, as confirmed by intraprocedural 

fluoroscopy (54). Digital subtraction angiography, fluoroscopy imaging and cone-beam computer 

tomography (CT) were performed with a C-arm unit (Allura Clarity FD20, Philips Healthcare, 

Best, The Netherlands). 

Blood laboratory analyses 
In order to identify potential treatment-induced organ impairments, blood samples were collected 

pre-procedurally, and at 5 min, 24 h and 48 h after the completion of the microsphere suspension 

administration in the third, preclinical experimental treatment study. Laboratory analysis consisted 

of complete blood count, aspartate aminotransferase (AST), alanine aminotransferase (ALT), 

alkaline phosphatase, gamma-glutamyltranspeptidase, total bilirubin, albumin, and blood urea 

nitrogen. VEGF was quantified at the same time points using a Rabbit VEGF ELISA kit 

(MyBioSource, Inc., San Diego, CA, USA). 

Histopathological staining  
Immediately following MRI acquisition, animals across all study groups (A-C) were sacrificed 

under general anesthesia using pentobarbital sodium (300 mg/kg body weight). Tumor and liver 

samples were harvested and directly prepared for histopathological processing. In all study arms, 

one part of the explanted hepatic tumors was placed on optimal cutting temperature cassettes, and 

frozen at -80°C. In the diagnostic study arms, tumor and liver tissues were stored using embedding 

medium for cryostat sectioning (Tissue-Tek, Sakura Finetek, Torrance, CA, USA) sliced into 10 

µm sections and mounted on adhesion slides (SuperFrost Plus, Thermo Scientific, Waltham, MA, 

USA). In the embolization treatment study (C), one part of the dissected tumor was directly placed 

in 10%-buffered formalin glass jars and stored at 4°C for subsequent paraffin embedment. For 

histopathological evaluation, all extracted tissues were cut into 2 - 10 µm slices, deparaffinized, 

rehydrated in a descending ethanol dilution series and eventually permeabilized in boiling retrieval 

solution for 40 minutes at 95°C. Across all study arms, samples were stained with hematoxylin 

and eosin (H&E). Tumor rims were quantified on H&E as an average of 5 measurements in 

different locations (55). The diagnostic T1-mapping based study (A) samples were additionally 

stained with Picrosirius red stain to visualize collagen content and tumor composition. The 

percentage of collagen fibers per region was determined through the ratio of the collagen content 

with the total area of the region. The diagnostic elastin-based study (B) samples were additionally 

stained with Miller’s elastic van Gieson histochemical stain to visualize and quantify the ECM and 
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elastic fibers. In order to determine the percentage of elastin fibers per region, a corresponding 

color profile was automatically segmented and divided by the respective area (e.g., peritumoral 

region). In order to evaluate and correlate embolization-induced changes of the tumor and TME 

in treated animals of group C to imaging findings, liver and tumor samples were additionally 

stained with the proliferating cell nuclear antigen (PCNA) in order to visualize cell viability by 

staining proliferating cells, and terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) to display apoptotic cells (53). In order to reflect the hypoxic extent in untreated and 

embolized tissues, the hypoxia marker pimonidazole (Hypoxyprobe, NPI Inc., Burlington, USA) 

was intraperitoneally injected (50 mg/kg) in group C 2-4 hours before sacrifice as previously 

described (53). Tumor tissue samples were then stained with pimonidazole antibodies 

(Hypoxyprobe, NPI Inc., Burlington, USA) accordingly, and HIF-1α to compare the hypoxic 

degree.  

Element specific bioimaging using laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) 
The LA-ICP-MS analysis for quantitative imaging of gadolinium, iron, zinc, and phosphor was 

post-mortem performed in study groups A and B as previously described (29). This technique 

reliably generates quantitative images of detailed regionally specific element distributions, and 

thereby conducts the capacity to compare the elastin tissue content to the gadolinium-bound 

elastin-specific probe deposition after contrast administration. For the ICP–MS analysis, samples 

were immediately embedded in 70% nitric acid at 37°C after image acquisition, and consecutively 

diluted with deionized water. A scan speed of 45 µm/s with unchanged 800 ml/min helium as 

transport gas was used in this analysis.  

Fluorescence Imaging 

Fluorescence imaging was performed in study group C in order to visualize and evaluate intra-

tumoral idarubicin distribution after embolization treatment. Representative formalin-fixed tumor 

samples were washed in deionized water and sucrose, embedded in optimal cutting temperature 

compound and cryosectioned in 10-μm-thick slices at -20°C using Leica cryostat (Leica 

Biosystems Imaging, Inc., Buffalo Grove, IL, USA). After DAPI-PBS staining, fluorescent images 

using blue 405 nm and green 488 nm wave-length channels were produced and incorporated into 

segmented histogram heat maps based on a previously established heat map scale for idarubicin 

drug signal analysis (Center for Biological Innovation, Boston Scientific, MA, USA) and 
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performed using Metamorph microscopy automation and image analysis software (Molecular 

Devices, LLC., San Jose, CA, USA). 

Statistical analysis 
Results of the experiments including all quantitative parameters were summarized as mean ± 

standard deviation. Normality testing was performed individually for all parameters using the 

Shapiro-Wilk test and corresponding histograms for visualization. The Kruskal-Wallis test was 

performed to detect coherences of rabbit characteristics and the Mann-Whitney U test to ultimately 

compare the individual study groups. More specifically, two-way repeated-measures ANOVA was 

used to compare changes in T1 relaxation times between regions over time using Greenhouse–

Geisser correction and Sidak’s post hoc test. Additionally, univariate correlations were conducted 

using Pearson’s correlation. Bonferroni corrected t-tests were applied to compare the differences 

between both, gadobutrol and ESMA contrast agents across all regions and time points. For data 

robustness, a mixed model was applied to account for the cross-sectional and longitudinal study 

design in the elastin-based diagnostic study arm (56). A two-tailed P < 0.05 was considered 

statistically significant. Statistical analysis was performed with R (R Project for Statistical 

Computing, Open Source, version 1.0.143/2017). 
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Essential new results  

This research was originally published in:  

1. Borde T, Laage Gaupp F, Geschwind JF, Savic LJ, Miszczuk M, Rexha I, Adam L, Walsh JJ, 

Huber S, Duncan JS, Peters DC, Sinusas A, Schlachter T, Gebauer B, Hyder F, Coman D, van 

Breugel JMM, Chapiro J. Idarubicin-Loaded ONCOZENE Drug-Eluting Bead 

Chemoembolization in a Rabbit Liver Tumor Model: Investigating Safety, Therapeutic 

Efficacy, and Effects on Tumor Microenvironment. J Vasc Interv Radiol. 2020 

Oct;31(10):1706-1716.e1. 

2. Keller S, Borde T, Brangsch J, Reimann C, Kader A, Schulze D, Buchholz R, Kaufmann JO, 

Karst U, Schellenberger E, Hamm B, Makowski MR. Assessment of the hepatic tumor 

extracellular matrix using elastin-specific molecular magnetic resonance imaging in an 

experimental rabbit cancer model. Sci Rep. 2020 Nov 27;10(1):20785. 

3. Keller S, Borde T, Brangsch J, Adams LC, Kader A, Reimann C, Gebert P, Hamm B, Makowski 

M. Native T1 Mapping Magnetic Resonance Imaging as a Quantitative Biomarker for 

Characterization of the Extracellular Matrix in a Rabbit Hepatic Cancer Model. Biomedicines. 

2020 Oct 13;8(10):412.  

The following text describes the published results in detail. 

Across all translational study arms, intrahepatic tumor growth was successfully induced in all 

animals with a mean tumor size of 11 ± 3 mm in the diagnostic study arms (A+B) and a mean pre-

procedural tumor size of 16.5 ± 3 mm in the DEB-TACE treatment study group (C). There was no 

incidence of adverse events in untreated animals.   

Quantification of molecular imaging parameters 
Untreated intrahepatic tumors across both, diagnostic and therapeutic study populations, were 

identified by a hypointense signal output in unenhanced, native T1-weighted images.  

Specific imaging findings diagnostic study groups A and B 

Corresponding color-coded T1-maps equally identified the tumor region by a high signal 

accentuation compared to the relatively low, homogenous signal in the healthy liver parenchyma. 

More specifically, the highest native T1 relaxation times were measured in the tumor core (1721.7 

± 488.6 ms) followed by the tumor margin (1198.7 ± 291.3 ms), whereas the peritumoral 

surrounding (779.7 ± 212.1 ms) and healthy liver parenchyma (525.9 ± 185.5 ms) presented with 

considerably shorter T1 times. Post-hoc tests using Sidak`s correction demonstrated significant 
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differences in T1 relaxation times between all of the aforementioned regions (P < 0.001). No 

interaction effect was observed between longitudinal tumor growth and defined regions (F(2.86, 

34.26) = 0.74, P = 0.53). Overall, time did not significantly affect tumor representation in native 

T1 mapping (F(2, 24) = 2.14, P = 0.14).    

Following the administration of gadolinium contrast medium in the diagnostic, ESMA-specific as 

well as the embolic treatment study (A-C), the tumor adapted a linear enhancement around the 

marginal tumor rim in contrast-enhanced T1-weighted images (Figure 4). After the administration 

of the elastin-specific contrast agent in group B on the second consecutive imaging day, the tumor 

enhancement was visually potentiated (Figure 4). Regarding the RE of the elastin-specific probe, 

the high signal accentuation enabled an accurate distinction between all previously defined tumor 

regions (tumor core vs. tumor margin vs. peritumoral region, P < 0.001). On the contrary, the RE 

of gadobutrol could not as reliably distinguish between the tumor and peritumoral surrounding 

(difference 0.51; P = 0.07) but still accurately discriminated the tumor core and viable tumor rim 

(difference -0.59; P < 0.05). In detail, the post-hoc comparison analysis revealed significant 

differences between gadobutrol and elastin-specific contrast uptake in the tumor margin on day 14 

(difference 1.86; P < 0.001), day 21 (difference 1.68; P = 0.007), and day 28 (difference 1.81; P < 

0.001). Similar differences were observed in the peritumoral region on day 14 (difference 1.01; P 

= 0.03) and day 28 (difference 1.18; P = 0.005) as well as in the central regions on day 21 

(difference 1.44; P = 0.034) and day 28 (difference 1.75; P < 0.001). Across all time points, the 

RE showed significantly higher values after ESMA injection than gadobutrol administration (χ²(4) 

= 65.87, P < 0.001). No difference in the RE was measured in normal liver parenchyma and dorsal 

musculature at all time points (P = 1.00).  

Specific imaging findings study group C 

Imaging findings in the untreated control group in the embolization treatment arm (group C) were 

consistent with the aforementioned imaging results of a well delineated tumor margin on MRI 

using T1-mapping and the ESMA contrast agent. Similarly, perfusion- and permeability-based 

DCE-MRI revealed a hyperenhancement of the tumor rim while the tumor core remained 

hypovascular (Figure 4). Interestingly, post-embolization, the tumor rim and tumor core remained 

hypovascular in both embolic vectors (mean arterial enhancement [%] 40 µm 2 ± 3, 100 µm 9 ± 

3, control 36 ± 51, P = 0.07). Altogether, embolized tumors revealed considerably less contrast 

uptake in arterial and late portal venous phase compared with liver parenchyma (liver 81 ± 25, P 

< 0.001). In untreated animals, DWI revealed the lowest ADC signal intensity in the tumor rim 

(mean ADC (1.55 ± 0.09) x10-3 mm2/s), without any difference to liver parenchyma (1.62 ± 0.23, 



 
21 

P = 0.65). The corresponding tumor cores presented high ADC values (2.34 ± 0.18, P = 0.001, 

Figure 4). Following DEB-TACE, tumor rims could not be distinguished anymore in DWI and 

compared to baseline tumors, embolized tumors showed significantly higher ADC values (40 µm 

1.91 ± 0.15, 100 µm 1.85 ± 0.27, control 2.34 ± 0.18, P < 0.001). 

In the untreated control animals of the embolization treatment arm (C), BIRDS revealed 

significantly lower pHe values in the tumor compared to the healthy liver parenchyma (mean 

tumor pHe 6.79 ± 0.08, liver 7.13 ± 0.08, P = 0.02, Figure 4). The tumor rim, defined as the region 

of voxels partly (> 50%) outside the tumor defined area, showed a tendency towards lower acidity 

than tumor cores (7.03 ± 0.14 vs. 6.79 ± 0.08, P = 0.07). Similar results were measured in 

embolized tumors (40 µm tumor / liver pHe 6.75 ± 0.05 / 7.05 ± 0.07, 100 µm 6.9 ± 0.1 / 7.1 ± 

0.03, P = 0.003), with no considerable difference between both embolization treatment groups. 

Healthy liver parenchyma had consistent pHe values across all imaged animals (P = 0.4). 

Chemoembolization procedure and laboratory analysis in study group C  

DEB-TACE was technically successful in all embolized animals (N = 9) in study group C with 

localized contrast deposition within all treated tumors. The mean total volume of delivered 

microsphere suspension was slightly higher in 40 µm as compared to 100 µm microspheres (mean 

total volume [ml] 0.49 vs. 0.41, P = 0.04). Complications in suspension delivery occurred in 100 

µm microspheres most likely due to increasing viscosity and consecutive clumping within the 

microcatheter towards the end of the procedure (N = 2). Further adverse events included femoral 

artery hemorrhage (N = 1) and cardiac arrest under anesthesia during MRI (N = 1). Apart from 

these intra-procedural adverse events, there was no apparent drug-induced toxicity observed in the 

animals by daily clinical assessment. Moreover, laboratory analysis revealed no hematologic or 

renal impairments. Interestingly, in animals treated with 40 µm DEBs, an 18-fold increase in ALT 

serum levels and a 25-fold increase in AST was observed within the first 24 h post-procedurally 

compared to baseline (ALT 430.2 ± 165 vs. 23.6 ± 8.1, P < 0.001 and AST 434.2 ± 334 vs. 17.4 ± 

5.9, P = 0.02). No further increase was observed after 24 h. On the contrary, 100 µm DEBs merely 

led to a slight increase in ALT (18 ± 5 vs. 86 ± 50, P = 0.07) but no change in AST (29 ± 14 vs. 

93 ± 64, P = 0.16). The additionally obtained laboratory liver parameters remained unaffected. In 

both microsphere groups, the tumor area was macroscopically distinguished as an area of hepatic 

necrosis. However, 40 µm DEBs also caused visible parenchymal necrosis in ipsilateral liver 

segments that were not immediately adjacent to the tumor segment, indicating a non-target 

penetration of 40 µm microspheres into healthy liver tissue. No extra-hepatic deposition of the 

embolics was observed. VEGF, as an indicator of neo-angiogenesis, showed no differences in 
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plasma levels across the untreated and embolized treatment groups (P = 0.10). There was also no 

difference in VEGF expression levels after tumor embolization in both treatment groups (40 µm 

0.25 ± 0.1, 100 µm 0.28 ± 0.03 ng/ml, P = 0.16).   

 

Ex-vivo histopathological analysis 

MpMRI findings were reproduced and validated by ex-vivo histopathological analysis. Concurrent 

across all study arms (A-C), untreated tumors revealed areas of scattered tumor core necrosis with 

dispersed viable tumor cell islands in the tumor center in H&E staining. A viable tumor rim (0.3 

± 0.5 mm across all analyzed study groups) was found to surround the tumor core with densely 

packed tumor cells and additionally high expression levels of the proliferation marker PCNA. 

Hypoxic areas and tumor cells undergoing cell apoptosis were strictly confined to the tumor core 

across all study groups.  

Specific histopathological findings study group A 

In order to correlate the signal intensity in native T1 maps with its histopathological counterpart, 

the collagen content was histologically quantified in all defined tumor regions in group A. 

Concurrent with the imaging results of native T1 mapping, the collagen expression was 

significantly different between the tumor and extra-tumoral tissue across all time points (P < 

0.001). The highest relative proportions of collagen fibers were measured in the tumor core and 

tumor rim ([%] 22.8 ± 9.8, 31.8 ± 6.5, respectively). Extra-tumoral regions expressed less collagen 

content than the intra-tumoral areas (peritumoral region 9.2 ± 2.5, healthy liver parenchyma 0.23 

± 0.18). Imaging-based quantified T1 relaxation times, altogether, highly correlated with the 

histopathologically determined collagen stain area (r = 0.64, P < 0.001). In detail, the T1 relaxation 

times of the tumor rim showed the highest correlation coefficient (r = 0.84, P < 0.001), followed 

by the central (r = 0.78, P < 0.001), and peritumoral (r = 0.73, P < 0.001) defined regions.  

Specific histopathological and LA-ICP-MS results study group B 

With regard to the increased intra- and peri-tumoral enhancement following the administration of 

the elastin-specific contrast agent in group B, the corresponding Miller’s elastic van Gieson 

staining revealed a high correlation between the in vivo imaging findings and the ex-vivo 

measurement of elastin fibers (r = 0.84, P < 0.001). In addition, in order to reliably quantify the 

amount of the gadolinium-bound elastin-specific probe, LA-ICP-MS testing was conducted and 

revealed a high correlation of the mass-spectrometry-based gadolinium concentration, 

histopathologically stained elastin areas (r = 0.59; P < 0.05) and the elastin-specific MR-based RE 
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(r = 0.73; P < 0.01). The simultaneous presence of the gadolinium-bound elastin-specific probe 

and elastic fibers was predominantly detected in the tumor rim and the peritumoral region. The 

spatial distribution of phosphor, zinc, iron and gadolinium in the samples showed no distinctive 

distribution within the samples. 

Specific histopathological and fluorescence imaging results study group C 

In embolized tumors (group C) on H&E staining, no viable tumor cells were identified. The tumor 

region merely presented sporadic cell outlines without nuclei highly suggestive of coagulative 

necrosis which was validated by high expression levels of TUNEL and the disappearance of PCNA 

expression. In 40 µm embolics, the TUNEL staining, representative of cell death, was not only 

confined to the tumor region but extended up to 25 % of the tumor diameter into the adjacent liver 

parenchyma. Correspondingly, the hypoxia markers HIF-1α and pimonidazole were most 

pronounced in these perishing tumor regions but were also observed to exceed the tumor margins 

in a radius of up to 50% of the tumor diameter in 40 µm and up to 10 % in 100µm microspheres. 

In order to evaluate the distribution of idarubicin-loaded embolics, fluorescence imaging was 

performed and revealed that there was a greater quantity of intra-tumoral blood vessels containing 

40 µm embolics compared to 100 µm microspheres (26.3 ± 9.1, 3.5 ± 2.1 blood vessels per tumor, 

P = 0.04). 40 µm DEBs were observed to fully invade the tumor center, whereas 100 µm embolics 

were primarily identified within the tumor rim. Fluorescence imaging demonstrated that idarubicin 

was still mainly loaded onto the spheres and merely eluted within a 100 µm radius from embolized 

vessels with both microsphere sizes. 
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Resulting clinical applications and further scientific questions  

The presented diagnostic and therapeutic study arms investigated the applicability, practicality and 

efficacy of various non-invasive MRI sequences in the course of liver carcinogenesis to improve 

early detectability and evaluate therapy responsiveness. Overall, the main findings of these studies 

were that native T1 mapping, elastin-specific MRI, perfusion- and diffusion-weighted MRI as well 

as the pHe-sensitive BIRDS sequence serve as reliable, quantitative biomarkers to assess tumor 

microenvironmental changes and potentially tumor response to treatment. Furthermore, 

Oncozene® microspheres in 40 µm and 100 µm diameter both induce anti-tumoral effects, 

including rapid devascularization and consecutive tumor necrosis with unaffected high acidity 

levels that can be visualized with the help of multiparametric MRI.  

The longitudinal T1 relaxation time is an intrinsic reflection of the structural composition of 

various tissues and is particularly influenced by the ECM disposition and water volume fraction. 

In the clinical setting, native T1 mapping has been initially applied in cardiovascular imaging as 

an auxiliary imaging biomarker for the assessment and discrimination of primary myocardial 

diseases which ultimately led to the incorporation of native T1 mapping into the official 

cardiovascular guidelines (33, 34, 57). Hepatocyte specific contrast supported T1 mapping has 

already been successfully applied to identify and differentiate various intrahepatic lesions, 

including HCC (58). Nonetheless, native T1 mapping has become of emerging interest, not alone 

due to its independency of contrast medium and therefore improved renal protection profile. The 

differentiation and estimation of liver fibrosis was shown to have a superior diagnostic accuracy 

in native T1 mapping compared to ultrasound elastography (59). However, there have been limited 

attempts to further apply native T1 mapping to detect and characterize liver tumors and their TME. 

In this study, an inversion-recovery sequence based on a MOLLI pulse sequence was adopted to 

enable a clinical practicable quantification of T1 tissue relaxation times in a single breath hold and 

with steady-state free precession readouts. Although saturation recovery sequences such as the 

saturation recovery single-shot acquisition (SASHA) overcome the confounding effects of 

magnetization transfer and T2 influence in MOLLI sequences, SASHA demonstrates a higher 

variability and heterogeneity of T1 values with a resulting inability to detect small T1 variances 

(60). In this study, the longest T1 values were measured inside the tumor with gradually decreasing 

relaxation times towards the periphery and extra-tumoral tissue. Prolonged native T1 values are 

based on an increase in interstitial space, predominantly related to an excess of water or an 

overexpression of collagen. High native T1 values are also influenced by steatosis and iron 

accumulation (61). The T1 gradient observed in this study aligns with the corresponding 
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histopathological findings of central tumor necrosis and a divergent structural composition of the 

tumor rim. As demonstrated in myocardial infarction, coagulative necrosis leads to an increase in 

diffusion which ultimately causes consecutive interstitial edema (31). The high native T1 

relaxation times in the tumor margin rather indicate a more densely packed cellular rim with an 

increased capillary perfusion and an inflated synthesis of extracellular tissue (58, 62).  

Collagen and elastin, as the most abundant ECM proteins, were shown to be profoundly 

dysregulated in tumoral tissue as a result of tumor hypoxia effects on the TME and contribute to 

an increased extracellular stiffness (24, 63). This study illustrates that higher extracellular collagen 

content leads to prolonged native T1 relaxation times that can be distinguished from healthy 

parenchyma in native T1-weighted MRI (34, 62). Similar to the pathologically altered collagen 

expression, HIF-1α-catalyzed accumulation of dysfunctional, fragmented elastin fibers was 

observed in HCC (64). While Maehara et al. found no direct association between radiographical, 

contrast-enhanced CT and histologically validated elastic fiber accumulation, the results of this 

study suggest an improvement in the detectability of a pathologic ECM configuration with the help 

of an elastin-specific molecular MR probe. Previously, ESMA has been successfully applied in 

cardiovascular and renal imaging to specifically characterize the atherosclerotic plaque burden, 

changes in the aortic wall, and ECM alterations in renal fibrosis (29, 30, 65). However, no attempt 

has been made until now to visualize and quantify tumor microenvironmental changes in the 

course of liver carcinogenesis. The dysregulation of Type I collagen as the major constituent of 

the ECM has already been associated with tumor growth and poor prognosis (66, 67). During the 

progression of liver fibrosis and cirrhosis, the elastin-to-collagen ratio gradually increases. 

Although elastin expression is upregulated from the onset of injury, an accumulation of elastin 

fibers is predominantly observed later as the disease progresses, as opposed to collagen content 

(68, 69). Since HCC predominantly develops within cirrhotic liver parenchyma, the quantification 

of elastin may serve as a potential imaging indicator of early HCC disease progression and risk 

assessment of HCC development. The elastin-specific MRI enhancement seen in viable tumor 

tissue highly correlated with increased elastic fiber depositions. Due to the secondary function of 

elastin as an essential element in the structural composition of blood vessels (27), an increased 

elastin content may, therefore, also be directly relatable to an increased capillary network and 

therefore be indirectly suggestive of the hypervascularity of the tumor. The results of DCE-MRI 

confirmed this hypothesis by showing that with an hyperenhancement of the tumor rim in untreated 

controls correlated with increased vascular perfusion. These findings are also congruent with DWI 

in which the lowest ADC signal intensity was measured in the tumor rim. Since the DWI-derived 



 
26 

ADC value is also affected by the underlying tissue vascularity (70), the obtained ADC values 

may reflect the dense cellularity and increased capillary network of the viable tumor rims.  

Furthermore, the MR spectroscopy-based quantification of the pHe using the novel imaging 

sequence BIRDS detected a pronounced acidosis within the tumor regions compared to 

physiological values in healthy liver parenchyma. This phenomenon may derive from an 

exorbitantly exacerbated, aerobic glucose consumption of the tumor, described by the Warburg 

effect, and a consecutive by-product accumulation of lactate and protons that gradually acidify the 

TME. Tumor hypoxia and acidosis may be seen as natural selectors for apoptosis-resistant tumor 

cells (71). A consequence of this hypoxic selection may be, in part, the oxygen-independent 

hyperglycolysis which stabilizes HIF-1α inside the tumor and therefore sustains tumor growth and 

tumor viability (72). Another factor contributing to the tumor resistance mechanism is the 

acidification of the TME. The effect of a diminished microenvironmental pH not only has a 

deleterious local impact but also affects the responsiveness of infiltrating immune cells. An 

increasing accumulation of acidic lactate and protons was demonstrated to decrease signaling 

cytokine production, and impair activation and proliferation of tumor-associated T cells (73). 

Therefore, the acidification of the TME most likely represents a “niche engineering strategy” to 

promote tumor progression and immune evasion (38-40, 74). Given this profound effect on the 

local cell integrity and immune response, the non-invasive quantification of the pHe addresses an 

unmet clinical need for the identification and characterization of metabolic abnormalities in 

tumors. Especially in the context of precision therapy, knowledge about the specific configuration 

of tumors and their TME are useful for personalized oncologic therapy regimes. Therefore, BIRDS 

is a promising, non-invasive and radiation-free approach that reliably monitors the tissue pHe. This 

molecular imaging method is less sensitive to magnetic field inhomogeneities and is also favorable 

for its independency of tissue perfusion, contrast agent concentrations and temperature variations 

(75). Chemical exchange saturation transfer (CEST) is an existing, clinically available MR-based 

technique for the measurement of the pHe. CEST relies on the mitigation of the bulk water signal 

due to the chemical transfer of selectively saturated, exchangeable, solute protons such as proteins, 

amino acids, or sugars (76). Although CEST provides a slightly higher resolution than BIRDS, it 

lacks sensitivity and standardization because it requires a large number of exchangeable groups 

and largely varies dependent on radiofrequency power and magnetic field strength (72, 76).  

The therapeutic study arm (group C) was initiated to assess the MRI capability to detect and 

monitor treatment related effects on the tumor and tumor microenvironment in terms of tumor 

perfusion, diffusion and tumor pHe following chemoembolization with two different microsphere 

sizes. The induced chemo-embolic effects measured in this experimental treatment arm comply 
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with previous studies demonstrating that smaller calibrated microspheres advance farther into 

peripheral vasculature leading to a broader extent of tissue ischemia and toxicity inside the tumor 

but also in surrounding healthy liver parenchyma (77-80). 40 µm DEBs induced larger extents of 

hypoxia without a detectable increase in VEGF plasma concentration, indicating that they do not 

aggravate neo-angiogenesis. This finding should be treated with caution due the naturally existent 

hypervascularity of VX2 tumors and the prolonged process of VEGF gene transcription until a 

detectable increase in VEGF concentration is reached (19). Although the investigated 40 µm and 

100 µm particles showed differences in depth of vessel penetration and consecutive 

chemotherapeutic agent coverage, both particle types equally caused coagulative tumor necrosis 

indicating that the main anti-tumoral, short-term mechanism of action was ischemia due to 

devascularization rather than chemotherapeutic effects.  

Multiparametric MRI proved highly beneficial in the identification and characterization of various 

tumor regions and alterations in the TME. Following chemoembolization treatment, DCE-MRI 

demonstrated an acute reduction in tumor vascularity and decreased blood perfusion of the 

hypervascular VX2 tumors, confirming the sensitivity of this imaging method (81). Furthermore, 

in DWI, the tumor rim was undistinguishable from the tumor core suggesting an immediate post-

embolic reduction of cellularity and complete necrosis. Since the DWI-derived ADC value is also 

influenced by capillary perfusion, this finding further confirms the anti-tumoral effects induced by 

devascularization. No immediate post-embolic change in tumor pHe was measured. This might be 

explained by the abrupt onset of vascular occlusion following DEB-TACE with a subsequent 

exacerbation of hypoxia which may intensify hyperglycolysis and the subsequent acidification of 

the TME early after TACE (82). In a longitudinal monitoring study of post-TACE effects on the 

TME, molecular pHe mapping proved to be sensitive to small changes in local tumor pHe and 

demonstrated a gradual normalization of the tumor pHe following conventional TACE treatment 

(83). Therefore, while devascularization and tumor necrosis initiation upon locoregional treatment 

are visible on MRI almost immediately post-procedurally, the normalization of the tumor pHe is 

a gradual accomplishment with a time frame of over 7 days (83). These findings suggest a high 

sensitivity of BIRDS to serve as a reliable, quantitative biomarker to longitudinally monitor 

therapeutic effects on the tumor and TME. 

These studies examined the TME in VX2 tumors of non-hepatic origin without an underlying liver 

cirrhosis as VX2 tumors present the most common liver tumor model due to their similarity to 

HCC in their hypervascular and hyperglycolytic nature (84). However, their rapid and metastatic 

tumor growth often lead to an inherent tumor core necrosis at baseline which may have affected 

therapeutic effects of DEB-TACE. Nonetheless, central tumor core necrosis is also frequently 
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observed in human-derived HCC and therefore, may have contributed to a reliable assessment of 

the HCC tumor phenotype in MRI. The VX2 rabbit liver tumor model is also favorable in its 

suitability for TACE therapy with clinically standardized equipment and its applicability on 

clinical 3T MRI scanners. However, the assessment of the toxicity profile of idarubicin-eluting 

Oncozene® microspheres was limited by both the small sample size and the relatively short-

termed acquisition of terminal imaging. Therefore, longitudinal studies with pre- as well as 

multiple post-procedural imaging reference points would provide a more distinctive and reliable 

assessment of the long-term anti-tumoral efficacy, tolerability and effects on the TME composition 

accompanying tumor growth and following therapeutic interventions.  

In conclusion, multiparametric MRI identified quantitative, non-invasive imaging biomarkers to 

reliably detect and characterize variances in the tumor and tumor microenvironmental phenotype 

as well as therapy-related changes following DEB-TACE. Native T1 mapping based on the 

MOLLI technique accurately defined tumor regions with regard to their viability and highly 

correlated with an aberrant, tumor-associated ECM expression. The implementation of novel, 

elastin-specific and pHe-sensitive molecular contrast agents resulted in an improved, distinctive 

characterization of the tumor microenvironment and may be used to detect and characterize HCC 

in earlier stages. Therefore, these additional imaging techniques may add to the toolbox of 

radiologists when assessing liver tumors in clinical practice. The comprehensive MRI biomarker 

panel may present a non-invasive alternative to biopsies and may help to assess the susceptibility 

to treatment and the response to treatment in a longitudinal fashion. Additional longitudinal and 

human-subjected studies are warranted to establish these promising imaging instruments as 

reliable early markers for HCC and treatment-induced effects on the tumor microenvironment. 
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Figure legends 

 
 
 
Figure 1: Experimental study design for the diagnostic T1 mapping study arm (A). This 

research was originally published in Keller S, Borde T, Brangsch J, Adams LC, Kader A, Reimann 

C, Gebert P, Hamm B, Makowski M. Native T1 Mapping Magnetic Resonance Imaging as a 

Quantitative Biomarker for Characterization of the Extracellular Matrix in a Rabbit Hepatic 

Cancer Model. Biomedicines. 2020 Oct 13;8(10):412. This flowchart was adapted from the above-

mentioned publication for clarification.  

 
 
 

 
 
Figure 2: Experimental study design for the diagnostic Elastin-specific MRI study arm (B). 

This research was originally published in Keller S, Borde T, Brangsch J, Reimann C, Kader A, 

Schulze D, Buchholz R, Kaufmann JO, Karst U, Schellenberger E, Hamm B, Makowski MR. 

Assessment of the hepatic tumor extracellular matrix using elastin-specific molecular magnetic 

resonance imaging in an experimental rabbit cancer model. Sci Rep. 2020 Nov 

27;10(1):20785. This flowchart was adapted from the above-mentioned publication for 

clarification.  
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Figure 3: Experimental study design for the experimental, translational DEB-TACE 

treatment arm (C). This research was originally published in Borde T, Laage Gaupp F, 

Geschwind JF, Savic LJ, Miszczuk M, Rexha I, Adam L, Walsh JJ, Huber S, Duncan JS, Peters 

DC, Sinusas A, Schlachter T, Gebauer B, Hyder F, Coman D, van Breugel JMM, Chapiro J. 

Idarubicin-Loaded ONCOZENE Drug-Eluting Bead Chemoembolization in a Rabbit Liver Tumor 

Model: Investigating Safety, Therapeutic Efficacy, and Effects on Tumor Microenvironment. J 

Vasc Interv Radiol. 2020 Oct;31(10):1706-1716.e1. This flowchart depicting the study design of 

the DEB-TACE treatment arm was implemented from the above-mentioned publication for visual 

support of the study design. 
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Figure 4: Overview of non-invasive MRI sequences in untreated animals (study groups A-

C). This research was partly published in Borde T, Laage Gaupp F, Geschwind JF, Savic LJ, 

Miszczuk M, Rexha I, Adam L, Walsh JJ, Huber S, Duncan JS, Peters DC, Sinusas A, Schlachter 

T, Gebauer B, Hyder F, Coman D, van Breugel JMM, Chapiro J. Idarubicin-Loaded ONCOZENE 

Drug-Eluting Bead Chemoembolization in a Rabbit Liver Tumor Model: Investigating Safety, 

Therapeutic Efficacy, and Effects on Tumor Microenvironment. J Vasc Interv Radiol. 2020 

Oct;31(10):1706-1716.e1. AND Keller S, Borde T, Brangsch J, Reimann C, Kader A, Schulze D, 

Buchholz R, Kaufmann JO, Karst U, Schellenberger E, Hamm B, Makowski MR. Assessment of 

the hepatic tumor extracellular matrix using elastin-specific molecular magnetic resonance 

imaging in an experimental rabbit cancer model. Sci Rep. 2020 Nov 27;10(1):20785. AND Keller 

S, Borde T, Brangsch J, Adams LC, Kader A, Reimann C, Gebert P, Hamm B, Makowski M. Native 

T1 Mapping Magnetic Resonance Imaging as a Quantitative Biomarker for Characterization of 

the Extracellular Matrix in a Rabbit Hepatic Cancer Model. Biomedicines. 2020 Oct 

13;8(10):412. This figure was created in summary of the above-mentioned, three published 

articles and depicts the different, non-invasive MRI sequences performed in these studies.  
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IV. Affidavit / Eidesstattliche Versicherung 

„Ich, Tabea Borde, versichere an Eides statt durch meine eigenhändige Unterschrift, dass ich die 
vorgelegte Dissertation mit dem Thema: Quantitative bildbasierte Prädiktoren zur 
Charakterisierung der Tumormikroumgebung in Lebertumoren für die Tumordetektierung und 
Evaluierung des Therapieansprechen / Quantitative Imaging Biomarkers to Characterize the 
Tumor Microenvironment in Liver Tumors for Tumor Detection and Therapy Response 
Assessment selbstständig und ohne nicht offengelegte Hilfe Dritter verfasst und keine anderen als 
die angegebenen Quellen und Hilfsmittel genutzt habe.  

Alle Stellen, die wörtlich oder dem Sinne nach auf Publikationen oder Vorträgen anderer 
Autoren/innen beruhen, sind als solche in korrekter Zitierung kenntlich gemacht. Die Abschnitte 
zu Methodik (insbesondere praktische Arbeiten, Laborbestimmungen, statistische Aufarbeitung) 
und Resultaten (insbesondere Abbildungen, Graphiken und Tabellen) werden von mir 
verantwortet.  

Ich versichere ferner, dass ich die in Zusammenarbeit mit anderen Personen generierten Daten, 
Datenauswertungen und Schlussfolgerungen korrekt gekennzeichnet und meinen eigenen Beitrag 
sowie die Beiträge anderer Personen korrekt kenntlich gemacht habe (siehe Anteilserklärung). 
Texte oder Textteile, die gemeinsam mit anderen erstellt oder verwendet wurden, habe ich korrekt 
kenntlich gemacht.  

Meine Anteile an etwaigen Publikationen zu dieser Dissertation entsprechen denen, die in der 
untenstehenden gemeinsamen Erklärung mit dem Erstbetreuer, angegeben sind. Für sämtliche im 
Rahmen der Dissertation entstandenen Publikationen wurden die Richtlinien des ICMJE 
(International Committee of Medical Journal Editors; www.icmje.og) zur Autorenschaft 
eingehalten. Ich erkläre ferner, dass ich mich zur Einhaltung der Satzung der Charité – 
Universitätsmedizin Berlin zur Sicherung Guter Wissenschaftlicher Praxis verpflichte.  

Weiterhin versichere ich, dass ich diese Dissertation weder in gleicher noch in ähnlicher Form 
bereits an einer anderen Fakultät eingereicht habe.  

Die Bedeutung dieser eidesstattlichen Versicherung und die strafrechtlichen Folgen einer 
unwahren eidesstattlichen Versicherung (§§156, 161 des Strafgesetzbuches) sind mir bekannt und 
bewusst.“  
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V. Detailed statement of contributions / Ausführliche Anteilserklärung an den 
erfolgten Publikationen im Rahmen des Promotionsverfahren zum MD/PhD  

Tabea Borde hatte folgenden Anteil an den folgenden Publikationen:  

Borde T, Laage Gaupp F, Geschwind JF, Savic LJ, Miszczuk M, Rexha I, Adam L, Walsh JJ, Huber 
S, Duncan JS, Peters DC, Sinusas A, Schlachter T, Gebauer B, Hyder F, Coman D, van Breugel 
JMM, Chapiro J. Idarubicin-Loaded ONCOZENE Drug-Eluting Bead Chemoembolization in a 
Rabbit Liver Tumor Model: Investigating Safety, Therapeutic Efficacy, and Effects on Tumor 
Microenvironment. J Vasc Interv Radiol. 2020. 

Beitrag im Einzelnen:  

- Konzept und Design der Studie in Zusammenarbeit mit den Letztautoren (J.M.M.vB, J.C.), 
dabei insb. die Erarbeitung der Hypothesen und Fragestellungen sowie die Planung der 
Verbindung der Studienkomponenten (Tierexperiment – DEB-TACE mit zwei 
unterschiedlichen Mikrosphärendurchmessern und simultane Charakterisierung des 
Tumormikromileus mit neuen MRT-Sequenzen prä- und post-therapeutisch).  

- Ausgiebige Literaturrecherche zum Thema Vektoren und Kalibrierung der Mikrosphären 
für TACE zur geeigneten Auswahl der Mikrosphären in Zusammenarbeit mit Boston 
Scientific. 

- Planung und Organisation sowohl der Tierakquirierung (Bestellung der Tiere von Charles 
River Laboratories) als auch der Tierhaltung (im Yale Translational Research Imaging 
Center) und eigenständige Durchführung der prä-, peri- sowie post-operativen Nachsorge 
(tägliche klinische Untersuchung der Tiere, regelmäßige Temperatur- und 
Herzfrequenzüberprüfung sowie Applikation post-therapeutischer Schmerzmedikation).   

- Randomisierung der Studientiere in die Kontroll-, 40µm- und 100µm-Gruppe. 
- Planung, Organisation, Koordination und Terminierung der operativen Durchführung der 

Studie, insbesondere da mehrere Zentren (Magnetic Resonsance Research Center, 
Translational Research Imaging Center, Department of Biomedical Engineering und 
Boston Scientific) involviert waren. 

- Durchführung der Tumorimplantation sowohl der Donor-, als auch der Studientiere in 
Zusammenarbeit mit J.C. und F.LG.  

- Durchführung der transarteriellen Chemoembolisation in Zusammenarbeit mit J.C., F.LG. 
und T.S.  

- Eigenständige Blutprobenentnahme zu den jeweiligen Zeitpunkten (prä- sowie post-
therapeutisch). Aus der konsekutiven Auswertung eigenständig erschaffenes Diagramm 
„Figure 3“.  

- Bildakquirierung (MRT-Durchführung) und software-basierte Bildanalyse der CT und 
neuen MRT-Sequenzen, sowie Extrahierung von T1, DCE, ADC und BIRDS maps aus 
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den Rohdaten und Quantifizierung der Parameter unter Supervision des Magnetic 
Resonsance Research Center (D.C.P., F.H., D.C., J.J.W., S.H.). Daraus entstanden die 
selbstständig erschaffenen Graphiken/Diagramme „Figure 2, 4 und 5“. 

- Selbstständige Euthanasie, Autopsie und Gewebeprobenentnahme nach Beendigung der 
MRT-Bildgebung, sowie direktes Prozessieren und geeignete Lagerung der 
Gewebeproben. 

- Histopathologische Aufarbeitung der Proben mithilfe eines Pathologen und 
mikroskopische, quantitative Auswertung und Analyse der Histologiebefunde (daraus 
entstandene Graphik „Figure 6“). 

- Organisation der externen Durchführung der Fluoreszenzmikroskopie sowie der VEGF 
Antikörperanalyse, jedoch eigenständige Auswertung der Daten und selbständige 
Erstellung der Graphiken „Figure 7 und E1“. 

- Korrelation der Bildgebungsresultate (der DCE-, DWI- und BIRDS-Sequenzen) mit den 
makroskopischen, histopathologischen (H&E, PCNA, TUNEL, HIF-1α, Pimonodazole) 
und fluoreszenzmikroskopischen Befunden und Formulierung geeigneter Zusammenhänge 
im Diskussionsteil. 

- Eigenständige Wahl und Durchführung der Statistik (explizit Test auf Normalverteilung, 
Kruskal-Wallis Test, um die Charakteristika der Studientiere zu vergleichen sowie Mann-
Whitney U Test, um die Unterschiede zwischen den einzelnen Gruppen zu vergleichen). 
Aus den Ergebnissen meiner statistischen Auswertung resultierende Diagramme „Figure 
3, 5, E1“. 

- Die Datenvisualisierung aller Graphiken „Figures 2, 4, 6 und 7“ entstanden ausschließlich 
selbstständig. 

- Vollständig selbstständiger Entwurf und Finalisierung des Manuskripts/ der Publikation 
inklusive Literaturauswahl, dann Revision anhand der Anmerkungen der Koautoren, 
selbstständige Einreichung bei JVIR und Adressierung der Kommentare der Reviewer.  

- Vorstellung der Studie auf den wissenschaftlichen Kongressen WCIO (World Conference 
of Interventional Oncology) und dem RSNA (Radiological Society of North America). 

 

Keller S, Borde T, Brangsch J, Reimann C, Kader A, Schulze D, Buchholz R, Kaufmann JO, Karst 
U, Schellenberger E, Hamm B, Makowski MR. Assessment of the hepatic tumor extracellular 
matrix using elastin-specific molecular magnetic resonance imaging in an experimental rabbit 
cancer model. Sci Rep. 2020.  

Beitrag im Einzelnen:  

- Konzept und Design der Studie in Zusammenarbeit mit der Erstautorin (S.K.), dabei insb. 
die Erarbeitung der Hypothesen und Fragestellungen, inwiefern die Applizierung eines 
Elastin-spezifischen Kontrastmittels die Detektion und Charakterisierung von soliden 
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Lebertumoren erleichtern bzw. welche zukünftig hilfreichen Neuinformationen dabei 
entstehen können. 

- Ausgiebige Literaturrecherche zur Anwendung von Elastin-spezifischen Kontrastmitteln 
und deren Aussagekraft. 

- Unterstützung in der Planung und Organisation sowohl der Tierakquirierung als auch der 
Tierhaltung (in der Charité Mitte und Virchow) und Durchführung der prä-, peri- sowie 
post-operativen Nachsorge (regelmäßige klinische Untersuchung sowie Applikation post-
therapeutischer Schmerzmedikamente). 

- Mithilfe in der Planung, Organisation und zeitliche Koordination der Tumorimplantationen 
und konsekutiver MRT-Bildgebung. 

- Teils selbstständige Tumorimplantation sowohl der Donor-, als auch der Studientiere.  
- Bildakquirierung (teils selbstständige Durchführung der MRT-Bildgebung) und software-

basierte Bildanalyse der Elastin-kontrastmittelverstärkten MRT-Sequenzen inklusive der 
Extrahierung des Elastin-Enhancements aus den MRT-Rohdaten in Zusammenarbeit mit 
S.K.  

- Selbstständige Euthanasie, Autopsie und Gewebeprobenentnahme nach Beendigung der 
MRT-Bildgebung, sowie direktes Prozessieren und geeignete Lagerung der 
Gewebeproben. 

- Histopathologische Aufarbeitung der Proben mithilfe von S.K. und quantitative 
Auswertung und Analyse der Histologiebefunde.  

- Korrelation der Bildgebungsresultate (der Elastin-kontrastmittelverstärkten Sequenzen) 
mit den makroskopischen, histopathologischen (extrazelluläre Elastinkonzentration) und 
Massenspektronomie-Resultaten in Zusammenarbeit mit S.K. (dabei Erstellung der 
Graphik „Figure 1“ und „Figure 4“). 

- In Zusammenarbeit mit S.K. Schreiben des Manuskripts inklusive Literaturwahl. Darüber 
hinaus Hauptanteil in der Revision des Manuskriptes.  

 

Keller S, Borde T, Brangsch J, Adams LC, Kader A, Reimann C, Gebert P, Hamm B, Makowski 
M. Native T1 Mapping Magnetic Resonance Imaging as a Quantitative Biomarker for 
Characterization of the Extracellular Matrix in a Rabbit Hepatic Cancer Model. Biomedicines. 
2020.  

Beitrag im Einzelnen:  

- Konzept und Design der Studie in Zusammenarbeit mit der Erstautorin (S.K.), dabei insb. 
die Erarbeitung der Hypothesen und Fragestellungen, inwiefern das native T1 Mapping die 
Detektion und Charakterisierung von soliden Lebertumoren erleichtern bzw. 
beschleunigen kann. 
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- Ausgiebige Literaturrecherche zur Aussagekraft und zu den bisherigen 
Anwendungsfeldern von nativem T1 Mapping. 

- Unterstützung in der Planung und Organisation sowohl der Tierakquirierung als auch der 
Tierhaltung (in der Charité Mitte und Virchow) und Durchführung der prä-, peri- sowie 
post-operativen Nachsorge (regelmäßige klinische Untersuchung sowie Applikation post-
therapeutischer Schmerzmedikamente). 

- Mithilfe in der Planung, Organisation und zeitliche Koordination der Tumorimplantationen 
und konsekutiver MRT-Bildgebung. 

- Teils selbstständige Tumorimplantation sowohl der Donor-, als auch der Studientiere.  
- Bildakquirierung (teils selbstständige Durchführung der MRT-Bildgebung) und software-

basierte Bildanalyse insbesondere der nativen T1-Sequenzen inklusive der Extrahierung 
von T1 Maps aus den MRT-Rohdaten in Zusammenarbeit mit S.K.  

- Selbstständige Euthanasie, Autopsie und Gewebeprobenentnahme nach Beendigung der 
MRT-Bildgebung, sowie direktes Prozessieren und geeignete Lagerung der 
Gewebeproben. 

- Histopathologische Aufarbeitung der Proben mithilfe von S.K. und quantitative 
Auswertung und Analyse der Histologiebefunde. 

- Korrelation der Bildgebungsresultate (der T1 Maps) mit den makroskopischen, 
histopathologischen (wie z.B. der Kollagenkonzentration) Ergebnissen in Zusammenarbeit 
mit S.K. (dabei Erstellung der Graphik „Figure 2“ und „Figure 3“). 

- In Zusammenarbeit mit S.K. Schreiben des Manuskripts inkl. Literaturwahl. Insb. 
vollständig eigenständige Formulierung der Diskussion.  Darüber hinaus Hauptanteil in der 
Revision des Manuskriptes. 
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LA-ICP-MS  Laser ablation-inductively coupled plasma-mass spectrometry
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MRI  Magnetic resonance imaging
RE  Relative enhancement
US  Ultrasound
VIBE  Volumetric interpolated breath-hold examination

!e prevalence of hepatocellular carcinoma (HCC) is globally increasing with a high mortality  rate1. Despite 
advances in therapeutic and diagnostic strategies in the last decades, the tumor resistance to treatment remains 
a major challenge for targeted  therapy2. !e tumor responsiveness to local and systemic therapy is not only 
dependent on the reduction of tumor cell proliferation, but also on the sensitivity of the peritumoral extracel-
lular matrix (ECM) towards anticancer  agents3,4 in various primary liver cancers and  metastasis5–7. In the tumor 
microenvironment, stromal cells express an altered ECM that provides mechanical and biochemical protection 
to tumor cells and the surrounding  microenvironment2. Collagens, laminins and "bronectins, in particular, 
directly and indirectly, interact with tumor cells and are able to change the function and phenotype due to 
external stimuli, such as  therapy8,9. Elastin, another component of the ECM has recently been identi"ed as an 
independent predictor of HCC  development10. !e VX2 rabbit model for liver cancer is a well-studied model 
for testing and evaluation of preclinical  interventional11,12 and systemic  therapies13 on an HCC surrogate tumor. 
A recent ultrasound-based therapy study has linked the importance of the ECM for therapy options by using 
microbubbles to in#uence the interstitial #uid pressure in this  model14. Furthermore, it could already be shown 
that brachytherapy using the genetically engineered peptide polymer elastin-like polypeptide labelled with I(131) 
in the VX2 liver tumors has a strong labelling e$ciency and thus a high antitumor  e%ect15. Non-invasive magnetic 
resonance imaging (MRI) biomarkers could enhance the current knowledge about ECM interactions following 
tumor progression and therapy. However, no molecular contrast agents have yet been approved for the imaging 
of hepatic tumors in clinical routine.

Among the recently available standard extracellular MRI contrast agents, gadobutrol (gadolinium-DO3A-
butriol, Gadovist 1.0; Bayer Schering Pharma, Berlin, Germany) is one of the "rst commercially available 1 M 
gadolinium chelates belonging to the class of macrocyclic, neutral gadolinium  complexes16–18. Various compara-
tive studies of 0.5 M and 1 M gadobutrol in experimental and clinical HCC have con"rmed its e%ectiveness in 
tumor detection. In particular, gadobutrol 1 M shows high contrast e$ciency and thus increased detectability 
even of small intrahepatic  tumors17,19. In intramuscular VX2 rabbit tumors, 1 M gadobutrol showed increased 
contrast enhancement, better tumor-to-muscle di%erentiation and better delineation of the tumor border than 
0.5 M gadopentatate  dimeglumine20. However, with regard to the histopathological grading of HCC in patients, 
gadobutrol has not yet been shown to have a predictive  e%ect21. Furthermore, there are no studies that have 
investigated whether gadobutrol can di%erentiate the di%erent tumor regions and their ECM. With reference to 
the above, these data are of particular interest for a better assessment of the therapeutic e%ects of invasive and 
systemic procedures.

Molecular elastin-speci"c MR contrast agents have been already successfully used to study the ECM remod-
eling in cardiovascular disease with results indicating a large translational  potential22–24. In this context, elastin-
speci"c molecular MRI could not only quantify the elastin content in arteriosclerotic plaques on the basis 
of signal intensity, but also predict potential rupture sites in the course of an aortic aneurysm in follow-up 
 studies22,23. In a mouse model for Marfan’s disease, elastin-speci"c MRI reliably detected a decrease in aortic wall 
elastin concentration compared to wild-type  controls25. To date, there are no records of studies that have used 
elastin-speci"c molecular MRI to characterize the ECM in hepatic tumors. Assuming that hepatic tumors have 
an increased expression of collagens, including  elastin10, the hypothesis arises that elastin-speci"c contrast agents 
allow for a more clearly de"ned enhancement and di%erentiation of tumor regions based on the composition of 
their ECM than conventional gadolinium-based contrast agents.

!e aim of this study was to test the potential of an elastin-speci"c molecular MR probe to assess and quantify 
the peritumoral matrix in a rabbit VX2 hepatic cancer model.

�������
����������Ǥ� !e average tumor volume measured in the native T1 sequences was 0.41 (±0.38)  cm3. A'er 
intravenous contrast agent administration of gadobutrol on day  1, there was a shallow enhancement of the 
tumor regions, accentuated during the venous and late contrast agent phase. Tumor enhancement was visually 
potentiated a'er administration of the elastin-speci"c probe on day 2 (Fig. 1A). !e increased enhancement 
using the elastin-speci"c probe corresponded to the ex vivo histological EvG stain (Fig. 1B). !e pronounced 
enhancement following the injection of the elastin-speci"c probe was con"rmed by the quantitative MR image 
analysis.

��������������������� ȋ��ȌǤ� Time and region had a signi"cant impact on RE when compared to the 
null model (χ2(14) = 69.23, P < 0.001). More importantly, the applied contrast agent had an additional signi"cant 
e%ect above time and region (χ2(15) = 120.83, P < 0.001). !e elastin-speci"c contrast agent showed a signi"cant 
higher RE compared to gadobutrol in the central, marginal, and peritumoral region. !is di%erence was pro-
nounced in the tumor margin (Fig. 2). Post hoc tests were carried out to gain further insight into the di%erences 
of the agents depending on regions and time points. In the post hoc analysis, tumor areas showed signi"cant 
di%erences between gadobutrol and elastin-speci"c contrast uptake in the tumor margin on day 14 (di%erence 
1.86; P < 0.001), day 21 (di%erence 1.68; P = 0.007), and day 28 (di%erence 1.81; P < 0.001). In the peritumoral 
region, gains of elastin-speci"c probes were observed on day 14 (di%erence 1.01; P = 0.03) and day 28 (di%erence 
1.18; P = 0.005), in the central regions on day 21 (di%erence 1.44; P = 0.034) and day 28 (di%erence 1.75; P < 0.001) 
(Table 1). !e RE di%erence between the two agents in normal liver parenchyma and back muscles was not sig-
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ni!cant at all time points (P = 1.00). Taken together for all time points, the RE using the elastin-speci!c probe 
di"ered signi!cantly between the tumor regions (2(4) = 65.87, P < 0.001). In detail, there were signi!cant di"er-
ences in the RE of the elastin-speci!c probe between the tumor center and margin (di"erence − 1.24; P < 0.001), 
the tumor margin and the peritumoral region (di"erence 1.20, P < 0.001) and the peritumoral region and the 
liver parenchyma (di"erence 1.16, P < 0.001) (Table 2). In contrast, the RE of gadobutrol was more unspeci!c 
and only distinguished between central and margin (di"erence − 0.59; P < 0.05) and between margin and liver 
(di"erence 0.71; P < 0.01). %e di"erence in RE between margin and peritumoral tissue and between peritumoral 
and liver parenchyma was not signi!cant (di"erence 0.51; P = 0.065 and di"erence 0.20; P = 1.00, respectively).  

��������������Ǥ� Viable tumors were found in all animals. Tumor regions were visualized on H&E and 
EvG stained sections and corresponded to the respective slight on the acquired MR images (Fig. 1). %e in vivo 
RE measurements of the three tumor areas correlated signi!cantly to the ex vivo EvG stain area measurements 
(R = 0.84, P < 0.001) (Fig. 3A).

���Ǧ��Ǥ� %e average concentration of gadolinium in the whole tumor was quanti!ed using ICP-MS. %e 
ICP-MS gadolinium concentration (µmol/l) of the whole tumor correlated signi!cantly to histopathological 
elastin area stains (%) (R = 0.59; P < 0.05) and the elastin-speci!c MR-based RE (R = 0.73; P < 0.01) (Fig. 3B,C).

��Ǧ���Ǧ��Ǥ� %e gadolinium distribution was determined by LA-ICP-MS within the three regions and the 
surrounding liver parenchyma following the in vivo elastin-speci!c MRI on the second day. %e colocalization 
of the gadolinium-bound elastin-speci!c probe with elastic !bers was pronounced in the tumor margin and the 
peritumoral region and corresponded to increased zinc distribution. %e spatial distribution of P, Zn and Gd in 
the samples were not speci!cally distributed within the samples (Fig. 4).

Table 2.  Di"erentiability of the regions based on the relative enhancement (RE) a&er application of 
gadobutrol (upper right section) and the elastin-speci!c probe (lower le& section) together for all examination 
time points. Diagonal (bold print): strength of region discrimination (Bonferroni-corrected) using the elastin-
speci!c probe compared to gadobutrol. Upper section: crude di"erences in gadobutrol RE between regions 
(central, margin, peritumoral, liver, muscle). Lower section: crude di"erences in elastin-speci!c RE between 
regions (central, margin, peritumoral, liver, muscle). *P < .05; **P < .01; ***P < .001.

Gadobutrol
Central Margin Peritumoral Liver Muscle

Central 1.52*** − .59* − .08 .13 .35
Margin − 1.24*** 2.43*** .51 .71** .93**
Peritumoral − .04 1.20*** 1.58*** .20 .42
Liver 1.12*** 2.36*** 1.16*** .90*** .22
Muscle 1.26*** 2.50*** 1.30*** − .14 .72**

Elastin-speci!c probe

Figure 3.  Associations of in vivo MR RE and ex vivo histological and mass spectrometry quanti!cation of 
elastin in the tumor regions. (A) Correlation of in vivo RE and ex vivo quanti!cation of the elastin stain area 
on cryosections. %e RE of elastin probe measurements signi!cantly correlates (R = 0.84, P < 0.001) with the 
histopathological expression of elastic !bers (elastin stain) in the three tumor regions. (B) Linear regression 
shows a signi!cant correlation between the elastin stain and the ICP-MS gadolinium concentration (µmol/l) 
of the whole tumor (R = 0.59; P < 0.05). (C) Linear regression shows a signi!cant correlation of the RE and 
gadolinium concentration (µmol/l) (R = 0.73; P < 0.01). %is indicates a close association between the amount 
of in vivo binding of the elastin-speci!c molecular probe and the overall gadolinium detected in tissue.  R36 
(Version 1.2.5001, R-Development-Core-Team, 2019) was used to create the graphics.
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����������
!e major "nding of this study is that molecular MR imaging using the elastin-speci"c probe enables the dis-
crimination of the di#erent tumor regions and the peritumoral matrix with a higher accuracy compared to con-
ventional gadolinium-based contrast agents in VX2 hepatic tumors. Mass spectroscopic and histopathological 
quanti"cation of elastin accurately con"rmed imaging-derived increases in elastin-speci"c contrast enhancement 
on MRI especially in the tumor margins. !e concise di#erentiation of the tumor center, margin and immediate 
peritumoral space addresses an unmet clinical need for a non-invasive imaging protocol to detect metabolic 
alterations and assess therapy responsiveness. !e imaging "ndings of the current study have been correlated to 
di#erent modalities of ex vivo MS- and histopathology-based quanti"cation techniques, thus providing a ground 
truth validation for the in vivo measurements. !erefore, this "nding may improve the standard imaging protocol 
of treatment studies in experimentally induced hepatic cancer models in the future and potentially in patients.

!ree tumor-associated regions were di#erentiated to address the variability of cells and ECM and thus the 
varying responsiveness to therapeutic agents and interventional studies. Whereas the central tumor region is 
mainly composed of necrotic and inactive cells, viable cells within the tumor margin contribute to tumor growth 
and progression. !ese cells interact within an elastic extracellular microenvironment, that provides not only 
chemical signals but also physical stimuli through  sti#ness26,27. !e peritumoral matrix including "broblasts, 
in%ammatory cells, lymphatic vascular networks and di#erent collagens as well as elastic "bers, has long been 
thought of as a stromal barrier to contain tumor progression by regulating various anti-cancer pathways. How-
ever, it has been shown that once transformed into a tumor-associated neighborhood by various stimuli, the 
stromal-derived e#ects can actively contribute to the tumor aggressiveness and responsiveness to anti-tumor 
 therapies2,28. In a recently published US- based study the application of US microbubbles of di#erent intensity 
and the response of the interstitial %uid pressure in the ECM was  investigated14. It can be anticipated that more 
therapeutic studies will focus on the ECM tumor component in the future.

Few studies aimed to prove the linkage between the elastic ECM and peritumoral matrix, tumorigenesis and 
tumor progression. Yasui et al.10 con"rmed the predictive role of increased elastin "ber accumulation within the 
hepatic ECM for the development of HCC in patients. Maehara et al.29 examined histopathological specimens 
of explanted human HCC and observed increased elastin and elastin-collagen components within the tumors. 
Moreover, increased elastin levels were associated with increased in%ammatory cell in"ltration, smaller capsule 
formation, and higher percentage of scirrhous  stroma29. !eir ratio of elastin to collagen was signi"cantly higher 
in the tumor "brous capsule (P < 0.007). However, whereas iodine-based contrast-enhanced CT correlated to the 
tumor collagen content, it failed to speci"cally detect elastic "bers. !e "nding of Maehara et al.29 corresponds 
to our study results that conventional GBCAs are inferior to the elastin-speci"c MR agent in terms of elastin in 
tissue. Non-invasive MR imaging using the elastin-speci"c molecular probe produced image data with a high 
spatial resolution and clear contrast enhancement in the viable tumor regions, thus underlining the priority of 
targeted MRI in hepatic cancer research. Especially in the area of targeted therapies of tumor associated ECM 

Figure 4.  LA-ICP-MS for the assessment of the gadolinium distribution in the tumor areas. (A1, A2) Unstained 
cryosection for anatomical matching of the tumor (A2 magni"cation). !e arrowheads mark the tumor margin 
(red) and the peritumoral region (black). !e asterisks (*) highlight the central zone. (B1) Speci"c gadolinium 
distribution of the magni"ed area (A2) con"rms gadolinium in all tumor regions, predominantly in the tumor 
margin (green signal). (B2, B3) Control measurements regarding zinc (Zn) and phosphorous (P) do not show a 
speci"c distribution inside the tumor.
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components or cancer to stroma signaling cross-talks, such as sorafenib and erlotinib, elastin-speci!c molecular 
imaging could act as a potential imaging biomarker to demonstrate the tumor responsiveness to the therapeutic 
agent.

Some limitations of this study have to be acknowledged. Firstly, the study cohort consisting of N = 9 cross-
sectional and N = 3 longitudinal rabbits was relatively small but comparable to previously published research in 
this  area30–32. Secondly, the MRI was performed in free breathing, but under deep sedation which considerably 
reduces breathing motion. "irdly, even though we observed a clear pattern of elastin-speci!c contrast agent 
accumulation within the tumor regions, a longitudinal e#ect on the speci!c enhancement patterns was not 
observed, indicating that tumor remodeling with regards to elastic !bers does not seem to take place in untreated 
settings within the !rst four weeks following tumor implantation. "e missing tumor remodeling could be used 
on the other hand to use the available data as a baseline imaging component for longitudinal studies with longer 
time frames.

In conclusion, our data con!rm the diagnostic potential of the elastin-speci!c targeted MRI for imaging and 
quantitative assessment of the intra- and peritumoral matrix in a hepatic cancer animal model. Molecular MRI 
using the elastin-speci!c probe enables the discrimination of the di#erent tumor regions and the peritumoral 
matrix with a higher accuracy compared to conventional gadolinium-based contrast agents in VX2 hepatic 
tumors. "is technique might be useful to assess systemic and local treatment e#ects in future experimental 
and clinical studies.

���������������������
������������Ǥ� All experimental protocols were performed according to the guidelines and regulations of 
the Federation of Laboratory Animal Science Associations (FELASA) and the local Guidelines and Provisions 
for Implementation of the Animal Welfare Act, as approved by the Regional O%ce for Health and Social A#airs 
Berlin (LAGeSo) (registration number 0178/17). Twelve female New Zealand white rabbits (Charles River Labo-
ratories, Sulzfeld, Germany) aged 11–17 weeks, mean weight (standard deviation) 3.2 ± 0.3 kg were used for this 
experimental study. VX2 cells were injected into the hindlimb muscles of six female donor rabbits and grown for 
21–30 days to a size of 1.5–2.0 cm as previously  described33. Harvested chunks were minced and implanted into 
the le& liver lobe by mini laparotomy into the receiver rabbits (N = 12). Anesthesia was performed using intrave-
nous injections of Buprenorphin (Temgesic, 0.03 mg/kg body weight) and subcutaneous injections of medeto-
midine hydrochloride (Cepetor, 0.25 mg/kg body weight), and ketamine hydrochloride (Ketamin, 30 mg/kg 
body weight). Carprofen (Rimadyl, 4.0 mg/kg body weight) was injected as an analgesic for the following three 
days a&er all surgical procedures.

According to the study protocol (Fig. 5), the rabbits were randomized into four groups following tumor 
implantation. "ree cross-sectional groups with N = 3 rabbits each received an MRI scan 14 + 15, 21 + 22, or 
28 + 29 days a&er tumor implantation immediately followed by euthanasia using intravenous injection of pento-
barbital sodium (Narcoren, 300 mg/kg body weight), and necropsy. A longitudinal group with N = 3 tumor bear-
ing rabbits was additionally imaged 14 + 15 and 28 + 29 days a&er tumor implantation and euthanized on day 29. 

Figure 5.  Experimental in vivo study design. In the vertical direction, the 'ow chart illustrates the VX2 rabbit 
tumor model and multimodal imaging on sequential time points. Le& column: groups of three tumor-bearing 
rabbits were assigned to one MRI time point (day 14 + 15, 21 + 22, and 28 + 29 a&er tumor implantation) 
and euthanized following the scan. Right column: a group of three rabbits was assigned to two longitudinal 
MRI scans at each time point (14 + 15 and 28 + 29 days) and euthanized following the scan at time point 29.
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���������Ǧ�������������������Ǥ� !e elastin-speci"c molecular agent (ESMA; Lantheus Medical Imag-
ing, North Billerica, MA) is composed of the D-amino-acid homophenylalanine, which is coupled by a rigid 
hydrazine aminomethylbenzoic acid linker to a gadolinium-diethylenetriaminepentaacetic acid  complex22. 
Ex vivo measurements obtained a longitudinal relaxivity for the agent bound to mice aortas of 8.65 ± 0.42 mmol/
l−1 s−1 at 3 T22. In this study, a clinical dose of 0.2 mmol/kg was used and administered as a bolus via the ear vein.

����������Ǥ� MRI was performed under deep sedation using a 3 T clinical scanner (mMR Biograph, Sie-
mens Medical Solutions, Erlangen, Germany). !e rabbits were imaged in prone position using a clinically 
approved head-neck coil. Each rabbit was scanned on two consecutive days. Animals received an intravenous 
injection of gadobutrol (Gadovist 1.0 mmol/ml, Bayer Healthcare AG, Berlin) 0.2 mmol/kg on the "rst day. On 
the second day an elastin-speci"c gadolinium-based probe was administered at 0.2 mmol/kg. Anatomic images 
were acquired using a T2-weighted (TR/TE 5500/90 ms, FOV 180 × 180  mm2, voxel size 0.5 x 0.5 × 1.0  mm3, 
NSA 3) and a clinically approved three-dimensional (3D) gradient-recalled-echo (GRE) sequence, which is rou-
tinely applied as a standard sequence for liver imaging and liver tumor  detection34 (T1 volumetric interpolated 
breath-hold examination (VIBE), TR/TE 5.0/2.18 ms, FOV 180 × 180  mm2, voxel size 0.7 × 0.7 × 1.0  mm3, NSA 
2), before and 20 min a&er injection of the contrast agent. !e T1 VIBE sequence allows improved MR imaging 
by providing dynamic contrast–enhanced thin-section images with fat saturation and a high signal-to-noise 
 ratio35. Additional pre-contrast scans were performed for each animal on the second day prior to injection of the 
elastin-speci"c probe to detect any residual retention of gadobutrol in the liver of the animals.

������ ��������������Ǥ� MR images were analyzed by two radiologists in consensus using HOROS (v 
4.0.0.0RC1; Nimble Co LLC d/b/a Purview in Annapolis, MD USA; https ://horos proje ct.org). Tumors were 
manually segmented into a central and marginal region. Additional regions of interest (ROIs) covered the peri-
tumoral matrix, normal liver parenchyma and the back muscles of the same slight. !e central area also covered 
the tumor necrosis, the marginal area included microscopically densely packed the “vital” tumor cells and the 
tumor "brous capsule.

!e relative enhancement (RE) was assessed using the following formula:

���������Ǥ� Following the MRI scan, liver tumors were explanted and immediately frozen at − 80 °C. 10 µm 
cryosections mounted on adhesion slides (SuperFrost Plus, !ermo Scienti"c) were stained with Miller’s elastic 
van Gieson histochemical stain (EvG) and hematoxylin and eosin stain (H&E) to visualize the tumor, ECM 
and elastic "bers. A light microscope (BzX800, Keyence, Japan) was used for examination of the slides. Digital-
ized images (TIFF "le format) were stored for computer-assisted image analysis (ImageJ so&ware, version 1.51, 
Wayne Rasband, National Institutes of Health; https ://image j.nih.gov/ij/). To measure the %EvG stain area per 
region all structures within the speci"c color pro"le were automatically segmented. By dividing the segmented 
area by the respective region (e.g. peritumoral), the %EvG stain area was determined.

��������������Ǧ��������������������������Ǧ������������������ȋ��Ǧ���Ǧ��Ȍ������������������Ǧ
�������Ǥ� !e LA-ICP-MS analysis for quantitative imaging of gadolinium (Gd), iron (Fe), zinc (Zn), and 
phosphor (P) was conducted as previously  described24. Due to the di'erent sample composition, a scan speed of 
45 µm/s with unchanged 800 ml/min helium (He) as transport gas was used in this analysis. In this analysis the 
averaged intensities of the scanned lines of the standards demonstrated a linear correlation with a  R2 = 0.996 over 
the concentration range. !e limit of detection (LOD) and limit of quanti"cation (LOQ) were calculated using 
3σ- and 10σ-criteria and were as follows: 12 ng/g and 40 ng/g for Gd, 5.9 µg/g and 20 µg/g for Fe and 2.0 µg/g 
and 6.6 µg/g for Zn, respectively.

���������������������������������������������ȋ���Ǧ��ȌǤ� For the ICP-MS analysis, samples were 
digested in 70% nitric acid at 37 °C overnight immediately a&er the last imaging session, followed by dilution 
with deionized water for ICP-MS analysis. A standard curve was acquired with each sample set for gadolinium 
concentration determination.

������������ ��������Ǥ� !e statistical so&ware ‘R’36 (Version 1.2.5001, R-Development-Core-Team, 2019) 
with the package ImerTest providing mixed model  methods37 was used for statistical analysis. First, we used 
analyses of variance (ANOVAs) for each time point separately to analyze the cross-sectional part of the data. 
Additionally, we applied Bonferroni corrected t-tests to compare the di'erences between both agents for all 
regions and time points. Second, we applied a mixed model to account for the cross-sectional and longitudinal 
combined study design with planned missings. RE was the dependent variable. Time latency (14, 21, or 28 days), 
region (central, margin, peritumoral, liver, and muscle), and the agent (gadobutrol or elastin-speci"c probe), 
as well as their interactions, were the independent variables. To display the overall e'ect of a variable, we used 
likelihood ratio tests; the e'ects of speci"c variable stages were assessed with t-tests following Satterthwaite’s 
 method38.

(1)RE =

(SIpostcontrast − SIprecontrast)

SIprecontrast
.
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������������������������������������������Ǥ� According to ARRIVE guidelines this study was approved 
by the local guidelines and provisions for the implementation of the Animal Welfare Act and regulations of the 
Federation of Laboratory Animal Science Associations (FELASA; registration number 0178/17).

�����������������
!e datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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Abstract: To characterize the tumor extracellular matrix (ECM) using native T1 mapping magnetic
resonance imaging (MRI) in an experimental hepatic cancer model, a total of 27 female New Zealand
white rabbits with hepatic VX2 tumors were examined by MRI at di↵erent time points following tumor
implantation (day 14, 21, 28). A steady-state precession readout single-shot MOLLI sequence was
acquired in a 3 T MRI scanner in prone position using a head-neck coil. The tumors were segmented
into a central, marginal, and peritumoral region in anatomical images and color-coded T1 maps.
In histopathological sections, stained with H&E and Picrosirius red, the regions corresponded to central
tumor necrosis and accumulation of viable cells with fibrosis in the tumor periphery. Another region
of interest (ROI) was placed in healthy liver tissue. T1 times were correlated with quantitative data of
collagen area staining. A two-way repeated-measures ANOVA was used to compare cohorts and
tumor regions. Hepatic tumors were successfully induced in all rabbits. T1 mapping demonstrated
significant di↵erences between the di↵erent tumor regions (F(1.43,34.26) = 106.93, p < 0.001) without
interaction e↵ects between time points and regions (F(2.86,34.26) = 0.74, p = 0.53). In vivo T1 times
significantly correlated with ex vivo collagen stains (area %), (center: r = 0.78, p < 0.001; margin:
r = 0.84, p < 0.001; peritumoral: r = 0.73, p < 0.001). Post hoc tests using Sidak’s correction revealed
significant di↵erences in T1 times between all three regions (p < 0.001). Native T1 mapping is feasible
and allows the di↵erentiation of tumor regions based on ECM composition in a longitudinal tumor
study in an experimental small animal model, making it a potential quantitative biomarker of ECM
remodeling and a promising technique for future treatment studies.

Keywords: magnetic resonance imaging; extracellular matrix; liver cancer; rabbits; VX2; T1 mapping

1. Introduction

The extracellular matrix (ECM) is a major component of tumoral stroma and has attracted much
attention as a key regulator of cell and tissue function [1,2]. For a long time regarded as a mere
mechanical link between cells, the ECM has since been shown to influence tissue migration, adhesiolysis,
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and repair through the regulation of biochemical and biophysical pathways [3,4]. While the production
and degradation of proteins as a major component of the ECM are strictly balanced in healthy tissue,
these processes often become dysregulated in cancer [5,6]. More specifically, the upregulation of
collagen as the most abundant ECM component appears to play a prominent role in the tumor
activating orchestra. For primary [7,8] and secondary [1,9,10] liver cancers, it has been shown that
collagen upregulation seems to play a substantial role in angiogenesis, tumor cell infiltration and thus
sensitivity to anticancer agents.

In recent years, native (unenhanced) T1 mapping has developed into a useful, noninvasive
imaging method to quantitatively characterize tissue properties. T1 mapping measures longitudinal T1
relaxation time in milliseconds, which primarily depends on the molecular microenvironment of water
molecules in the tissue. As a result, various changes in the extracellular space, such as increased water
content in edema [11,12], protein deposition [13], or increased collagen formation [14,15], for example
in fibrosis, can be detected using native T1 mapping.

Therefore, remodeling of the ECM with increasing collagen accumulation can be quantified by
T1 mapping. T1 mapping is most commonly performed using the modified look-locker inversion
recovery sequence (MOLLI). In the myocardium, MOLLI-based T1 mapping has shown excellent
diagnostic performance with regard to the detection of tissue changes in patients compared to controls.
The strongest correlations were found between the histopathologically quantified collagen volume
fraction and T2 mapping results as an indicator of edema [16]. Based on these capabilities, T1 mapping
has been increasingly used for the diagnosis and di↵erentiation of a variety of cardiac diseases such
as myocardial fibrosis, myocardial infarction, or myocarditis [14,17,18], as well as systemic disorders
such as amyloidosis and siderosis [13].

In the liver, native T1 mapping has been successfully applied as an imaging biomarker for the
diagnosis and grading of fibrosis, and thus as a predictor of clinical outcome [19–21]. In experimentally
induced liver fibrosis in a rabbit model [22], T1 mapping showed promising results in di↵erentiating
early and advanced liver fibrosis histopathologically classified by METAVIR [23]. However, despite its
clinical practicability and its capability to reliably di↵erentiate tissue alterations, only limited data are
available on the potential of native T1 mapping for the detection and characterization of tumors. In a
recent preclinical study, Zormpas-Petridis et al. found T1 mapping to reliably distinguish regions with
di↵erent levels of tumor cell di↵erentiation in an experimental mouse model of neuroblastoma [24].
In patients, native T1 mapping was successfully used to identify higher-grade renal cell carcinoma
histologically validated by the collagen volume fraction [25]. However, to the best of our knowledge,
there is as yet no preclinical or clinical study that has systematically investigated native T1 mapping
sequences to characterize liver tumors in terms of ECM composition.

Therefore, the objective of this study was to assess native T1 mapping in a VX2 hepatic tumor
rabbit model at di↵erent time points after tumor implantation. It was hypothesized (1) that due to its
signaling characteristics, native T1 relaxation times are higher in the necrotic tumor center compared
to the tumor margin and peritumoral tissue; (2) that native T1 mapping as a noninvasive, contrast-free
tool reliably distinguishes tumor areas from normal liver tissue; and (3) that native T1 times correlate
with collagen content in histopathological sections.

2. Experimental Section

2.1. Animal Model

This study was approved by the responsible authority and was conducted in accordance with
local guidelines and provisions for the implementation of the Animal Welfare Act and regulations
of the Federation of Laboratory Animal Science Associations (FELASA; registration number 0178/17;
date 06/11/2017) and designed in accordance with the ARRIVE guidelines. The unenhanced magnetic
resonance imaging (MRI) data used here were acquired as part of a larger study evaluating di↵erent
contrast agents in the rabbit model. Twenty-seven female New Zealand white rabbits (Charles River
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the tumor center with decreasing values towards the peritumoral region and the shortest T1 relaxation
times in the liver parenchyma. This distribution of T1 times corresponds to the histopathological
findings of central necrosis and higher tumor cell counts and fibrosis in the tumor margin. Published
results on the hepatic VX2 tumor model for comparison are not available. In the setting of invasive
tumor proliferation, unrestraint angiogenesis and chronic inflammation may be the two major factors
that a↵ect T1 relaxation times. The discrimination between tumor center and tumor margin may be
explained by inherent central tumor necrosis frequently already present in early HCC. The longer T1
times in the less collagen-rich tumor center can be explained by the fact that water accumulation in
biological tissues results in greater increases in T1 times than scarring or fibrosis [29]. Similar to acute
myocardial infarction, cellular destruction by necrosis leads to higher water content and surrounding
interstitial edema and consecutively to a focal increase in T1 relaxation times [33]. The good demarcation
of the tumor margin can be explained in part by tumor hypervascularity along with an increased
collagen content. Tumor neoangiogenesis is especially pronounced in the viable tumor rim, lengthening
longitudinal relaxation time and thus contributing to demasking the tumor in T1 maps [31]. The increase
in water content due to central necrosis and concomitant inflammation may have an additive e↵ect on
relaxation times that exceeds the e↵ect of the vascular and collagen network in the tumor margin and
may also partly a↵ect the tumor rim, thus contributing to good overall detection. An interesting and
important result of our study is that T1 mapping also distinguishes the peritumoral region, which tends
to be occult in conventional T1 and T2 images, from adjacent healthy liver parenchyma. This finding
is of particular interest for interventional studies on the model, which investigate the inflammatory
response in the peritumoral ECM as a possible sign of therapy response.

Collagen—the primary ECM protein—has been found to play a key role in the promotion of
tumor angiogenesis and tumor cell proliferation [3,4]. Furthermore, previous investigators have
described the stimulation of abnormal collagen synthesis with the expansion of the collagen matrix in
tumors. The higher extracellular collagen content prolongs longitudinal relaxation times and is directly
proportional to the increase in tumoral T1 relaxation time [37]. Nakamori et al. demonstrated the
ability of native T1 mapping to reliably detect and quantify the histological collagen volume fraction
in the heart [15]. In this study, there was a direct correlation between native T1 relaxation times and
extracellular volume with the biopsy-proven collagen volume fraction. Consistent with these results,
we found a direct correlation of native T1 relaxation times with the histologically proven collagen
content in the three hepatic tumor regions investigated. These results also provide valuable information
on the composition of the tumor-associated ECM. Since the latter has already been linked with
tumor aggressiveness and growth, native T1 relaxation times may be used as a potential quantitative
parameter for the evaluation of ECM remodeling in response to both local and systemic therapies.

Our study has some limitations. MRI was performed in free breathing but in deep sedation,
which considerably reduces respiratory motion artifacts. Overall tumor size was relatively small and
varied across animals. Greater variability in tumor size has been shown for this rabbit model before
and seems to be related to both necrosis rate and external factors [38]. In our study, interindividual
variability in tumor composition, regarding the collagen content and central necrosis, as well as
the tumor growth, was evident. However, systematic characterization of tumor variability and
development was beyond the scope of our study, which focused on the feasibility of the MOLLI
sequence for tumor tissue characterization in the experimental model. Furthermore, histologic fixation
can distort anatomy, which may thus deviate from anatomy on images acquired in vivo. ROIs were
therefore, as already done in preliminary studies [27], manually reconstructed for analysis as direct
correlation of thistological sections with MR images is not possible. Furthermore, scarring may have a
similar e↵ect as increased collagen accumulation [39]; however, the sequence used cannot di↵erentiate
scarring from ECM expansion by excessive collagen production. Invasive tumor chunk implantation
increases the risk of scarring, which may have a↵ected T1 relaxation times in our experiments. However,
there was no histopathological evidence of excessive scarring. Finally, as already mentioned above,
T1 relaxation times are influenced by other factors such as iron concentration and steatosis [34–36].
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While liver steatosis is unlikely in the young rabbits used in our study, a more accurate quantification
of T1 relaxation times would probably be possible by simultaneous measurement of liver and tumor
iron concentrations. This e↵ect could be investigated further in future studies of T2* and T1 mapping
in the VX2 tumor model.

5. Conclusions

Native T1 mapping is a reliable noninvasive method to quantify ECM components in di↵erent
areas of hepatic VX2 tumors and thus contributes to the identification and characterization of primary
liver tumors. Therefore, it can be used as a quantitative biomarker of ECM remodeling and a promising
technique for future treatment studies.
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