
UC Irvine
UC Irvine Previously Published Works

Title
Yttrium-90 Radioembolization and Tumor Hypoxia: Gas-challenge BOLD Imaging in the VX2 
Rabbit Model of Hepatocellular Carcinoma.

Permalink
https://escholarship.org/uc/item/8vh0691z

Journal
Academic radiology, 28(6)

ISSN
1076-6332

Authors
Gordon, Andrew C
White, Sarah B
Gates, Vanessa L
et al.

Publication Date
2021-06-01

DOI
10.1016/j.acra.2020.04.012
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8vh0691z
https://escholarship.org/uc/item/8vh0691z#author
https://escholarship.org
http://www.cdlib.org/


Yttrium-90 Radioembolization and Tumor Hypoxia: Gas-
challenge BOLD Imaging in the VX2 Rabbit Model of 
Hepatocellular Carcinoma

Andrew C. Gordon1,2, Sarah B. White3, Vanessa L. Gates1, Daniel Procissi1, Kathleen R. 
Harris1, Yihe Yang1, Zhuoli Zhang1, Weiguo Li1, Tianchu Lyu1, Xiaoke Huang1, Reed A. 
Omary5, Riad Salem1,6,7, Robert J. Lewandowski1, Andrew C. Larson1,2

1.Department of Radiology, Northwestern University Feinberg School of Medicine, Chicago, IL, 
USA

2.Department of Biomedical Engineering, Northwestern University, Evanston, IL, USA

3.Department of Radiology, Division of Vascular & Interventional Radiology, Medical College of 
Wisconsin, Milwaukee, WI, USA

5.Department of Radiology and Radiological Sciences, Vanderbilt University, Nashville, TN, USA

6.Department of Medicine-Hematology/Oncology, Northwestern University Feinberg School of 
Medicine, Chicago, IL, USA

7.Department of Surgery-Organ Transplantation, Northwestern University Feinberg School of 
Medicine, Chicago, IL, USA

Abstract

PURPOSE: To use a rapid gas-challenge blood oxygen-level dependent (BOLD) MRI exam to 

evaluate changes in tumor hypoxia after 90Y radioembolization (Y90) in the VX2 rabbit model.

MATERIALS and METHODS: White New Zealand rabbits (n=11) provided a Y90 group (n=6 

rabbits) and untreated control group (n=5 rabbits). R2* maps were generated with gas-challenges 

(O2 / Room Air) at baseline, 1 week, and 2 weeks post-Y90. Laboratory toxicity was evaluated at 

baseline, 24hrs, 72hrs, 1 week, and 2 weeks. Histology was used to evaluate tumor necrosis on 

H&E and immunofluorescence imaging was used to assess microvessel density (CD31) and 

proliferative index (Ki67).
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RESULTS: At baseline, median tumor volumes and time to imaging were similar between groups 

(p=1.000 and p=0.4512, respectively). The median administered dose was 50.4Gy (95% 

confidence interval:44.8–55.9). At week 2, mean tumor volumes were 5769.81 versus 643.69 mm3 

for control versus Y90 rabbits, respectively (p=0.0246). At two weeks, ΔR2* increased for control 

tumors to 12.37±12.36sec−1 and decreased to 4.48±9.00sec−1 after Y90. The Pearson correlation 

coefficient for ΔR2* at baseline and percent increase in tumor size by two weeks was 0.798 for the 

Y90 group (p=0.002). There was no difference in mean microvessel density for control versus Y90 

treated tumors (p=0.6682). The mean proliferative index was reduced in Y90 treated tumors at 

30.5% versus 47.5% for controls (p=0.0071).

CONCLUSION: The baseline ΔR2* of tumors prior to Y90 may be a predictive imaging 

biomarker of tumor response and treatment of these tumors with Y90 may influence tumor 

oxygenation over time.

Keywords

oxygenation; hepatic radioembolization; magnetic resonance imaging; yttrium-90

INTRODUCTION

Radioembolization with glass or resin yttrium-90 microspheres (Y90) infused through the 

hepatic artery delivers selective internal radiation therapy to tumors supplied by these 

vessels. Re-oxygenation of tumors is a tenet of fractionated radiotherapy because radiation 

induced damage to tumors is mediated by oxygenation; however, the oxygenation status of 

tumors prior to radioembolization is not typically assessed nor optimized prior to treatment. 

Central necrosis due to chronic diffusion-limited hypoxia, excepting primary intrahepatic 

cholangiocarcinoma (1–3), is a prevalent finding in both primary and metastatic hepatic 

tumors (4–6). This is especially true for HCC, where necrosis is a common finding in the 

variant subtypes (7) and is present in up to 97% of patients with large tumors (8). Use of a 

hypoxia scoring system based on genetic analyses of tumor hypoxia gene signatures has 

been proposed and appears to retrospectively stratify prognosis in HCC patients (9) but this 

strategy has not been evaluated prospectively nor become part of clinical paradigm. 

Furthermore, non-invasive methods for measuring liver tumor hypoxia are not yet 

established clinically nor validated at the preclinical level.

The purpose of this pilot study was to use a rapid gas-challenge blood oxygen-level 

dependent (BOLD) MRI exam to evaluate changes in tumor hypoxia after Y90 in the VX2 

rabbit model. We hypothesized that increased hypoxia at baseline may limit antitumor 

activity of therapy and that radiation-induced changes may influence the hypoxic status of 

VX2 tumors over time.

MATERIALS AND METHODS

Study Design

Our institution’s animal care and use committee approved this study, and all procedures 

were performed under institutional and ARRIVE guidelines. The use of glass 90Y 

microspheres for research was approved and overseen by the Radiation Safety Officers of 

Gordon et al. Page 2

Acad Radiol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the university and associated hospital system. A total of 9 female and 2 male White New 

Zealand rabbits weighing 3 to 3.5 kg were scanned for this study (Covance Laboratories, 

Greenfield, IN). Rabbits underwent VX2 implantation and tumors were allowed to grow to 

1–2 cm; each animal was scanned with magnetic resonance imaging (MRI) to confirm tumor 

growth prior to treatment. The Y90 group was imaged weekly for 2 weeks and the control 

group was imaged at baseline and at 2 weeks. Tissue specimens, including liver and tumor, 

were harvested for histopathology and immunofluorescence imaging.

VX2 Animal Model and US-guided Tumor Implantation

The implemented approach for ultrasound-guided tumor fragment implantation has been 

previously described in detail (10). There were a total of 3 hepatic implantation sites per 

rabbit.

MR Imaging Protocols

Tumor growth was confirmed on MRI. All MRI studies were performed at 7 Tesla using a 

20-cm bore Bruker ClinScan magnet (Bruker Biospin MRI GmbH, Ettlingen, Germany) 

with sequences listed in Table 1. Respiratory gated, free-breathing acquisitions in both the 

coronal and axial planes were performed.

For gas-challenge imaging with whole tumor coverage during BOLD GRE scans, rabbits 

were given 98% O2 at 1L/min and 2% isoflurane via nose cone for oxygen scans for 15 

minutes followed by room air (78% N2, 20% O2) at 1L/min and 2% isoflurane for 10 

minutes prior to and during room air (RA) scans. Susceptibility mapping for R2* (1/T2*) 

was performed within each voxel according to the Levenberg-Marquardt algorithm to fit the 

mono-exponential signal decay S(TE)=Moexp(−TE • R2*). The change in R2* with gas-

challenge was calculated by subtracting the mean R2* during oxygen breathing (R2*O2) 

from the mean R2* during room air breathing (R2*RA):

ΔR2* = R2*RA − R2*O2 .

Regions of interest (ROI) were drawn on the first echo image for R2*RA and R2*O2 images 

and the mean value within these volumes was calculated for each tumor at baseline, 1 week, 

and 2 weeks. ΔR2* served as an imaging surrogate for hypoxia (11). Previous work has also 

associated changes in gas-challenge BOLD signal with fibrosis (12). It is possible that 

fibrosis may ultimately alter hepatic blood volumes so we evaluated the degree of fibrosis 

within the treated normal liver on pathology by Masson’s trichrome stain.

Blood Draws

Whole blood was obtained from the ear vein at baseline (MRI scan), 24hrs, 72hrs, 7-days (1-

week MRI), and 14-days (2-week MRI) post-treatment. The serum panel included albumin, 

alkaline phosphatase, alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

creatine kinase (CK), and total bilirubin.
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Intra-arterial Therapy and 90Y Radioembolization Dosimetry

Microcatheter systems and wires allowed selective catheterization of hepatic arterial 

vasculature. Following radioembolization, the delivered dose was calculated as previously 

described (13). For additional details, please see our Supplemental Methods Section.

Necropsy & Histopathology

After completion MRI at the 2-week study endpoint, all animals were euthanized and livers 

explanted. Specimens were embedded in a cryomold with O.C.T. compound (Sakura 

Finetek, Torrance, CA) and stored at −20°C for a 30-day decay period. Samples were 

sectioned en face with a slice thickness of 5μm. Consecutive slices (n=7) were stained with 

hematoxylin and eosin (H&E) for evaluation of tumor necrosis. Normal hepatic parenchyma 

within the treatment field was stained for Masson’s trichrome for type IV collagen to 

evaluate radiation fibrosis.

Immunofluorescence

The proliferative index was defined as the percentage of Ki67 positively stained nuclei 

(100% x Ki67+DAPI+ cells / DAPI+ cells) for 4 high-powered fields per tumor quadrant (x4 

quadrants). Microvessel density (MVD) was defined as the number of CD31 positive vessels 

divided by the total area of liver tissue (vessels/mm2) within each field. Fields were obtained 

from areas of maximal staining within each tumor quadrant (4 fields per quadrant) for 

comparisons similar to Gasparini’s method as applied by Poon at al. in the setting of HCC 

(14,15). Tissue slides were digitized at 200× optical magnification with TissueGnostics’ 

TissueFAXS system (TissueGnostics, Los Angeles, CA). Quantitative image analyses of 

digitized slides for Ki67 and CD31 staining were performed with ImageJ software (version 

1.37, National Institutes of Health, Bethesda, MD).

Statistical Analyses

All data were analyzed with the statistical package STATA (StataCorp, College Station, 

Texas). Data are reported as means ± standard deviation (SD) or medians with 95% 

confidence intervals (CI). Comparisons for reported means by t test and for medians by 

Mann-Whitney test. The Pearson correlation coefficient was used to evaluate the relationship 

between tumor ΔR2* at baseline and % increase in tumor volume at 2 weeks (16). Rabbits 

grew a variable number of tumors. A clustering analysis was performed for tumor 

measurements to examine the impact of clustering by rabbit on standard errors and 

interpretation of ordinary least squares regression for each comparison. All analyses were 

two-tailed and considered statistically significant at P values less than 0.05.

RESULTS

VX2 Tumor Growth

Tumor growth was confirmed in all rabbits. The Y90 group (n=6 rabbits) provided 12 

tumors and the control group (n=3 rabbits) provided 6 tumors (2 untreated control rabbits 

did not reach the 2 week imaging endpoint). At baseline, median tumor volume within the 

control group and radioembolization group were similar 649.1 versus 531.6mm3, 
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respectively (p=1.000). The time from implantation to baseline imaging was also similar 

between the groups at 17.7 versus 16.7 days, respectively (p=0.4512). Therefore, tumors 

were imaged at similar time and reached similar volume prior to treatment (90Y) or no 

treatment (controls).

Radioembolization and 90Y Dosimetry

Mean fluoroscopy time (± SD) was 5.22±2.42 min. A representative DSA is shown in Figure 

2 demonstrating antegrade flow to the liver and dense staining of the tumor periphery 

(“tumor blush”). Technically successful radioembolization was accomplished in 100% (6/6) 

of cases one day after baseline imaging. All rabbits survived the procedure. The mean 

calibrated vial activity was 0.96±0.02GBq. Median administered activity was 83.2MBq (CI: 

73.3–92.0). Residual vial activity was 11.3% (CI: 7.2–16.8). The median administered dose 

was 50.4Gy (CI: 44.8–55.9). The lung shunt fraction (LSF) was estimated with hand-held 

survey meter with a mean LSF of 2.9±1.7%.

Laboratory Toxicity

Laboratory trends over time are shown in Supplemental Figure 1. Early mild transaminitis 

after radioembolization was common (observed in 6/6 rabbits) with a 316.7% increase above 

baseline in ALT at 72 hours and 626.2% increase for AST at 24 hours for Y90 rabbits. These 

elevations were transient, with ALT values returning to baseline in 4/6 at one week and 6/6 

by two weeks. Normal albumin and bilirubin suggested preserved hepatic function for the 

two-week study. Marked elevation in CK was attributed to the surgical cutdown procedure 

for femoral arterial access.

Tumor Volumes and CE-MRI

Represented imaging of VX2 tumors at baseline and after 2 weeks shown in Figure 3. 

Rabbits treated with 90Y had significantly reduced median tumor volumes at 2-weeks. These 

values were 5,769.8 versus 643.7mm3 for control versus Y90 rabbits, respectively 

(p=0.0246). The median relative increase in tumor sizes beyond baseline was +878.3% 

versus +160.9% in these groups respectively (p=0.0087). Mean baseline tumor enhancement 

was similar at 76.8% in controls versus 80.2% in Y90 rabbits (p=0.1685). The percentage of 

enhancing tissue decreased significantly in the control group to 52.4% versus 71.2% for the 
90Y treated group (p=0.0266).

BOLD MRI

At baseline, mean R2* values were 78.95±18.02sec−1 during room air breathing versus 

59.12±12.52sec−1 during O2 breathing for Y90 rabbits (ΔR2*=19.84±19.16sec−1). These 

values (shown in Figure 4) were similar for control rabbits: 71.41±7.57sec−1 on room air 

(p=0.2611) versus 63.81±8.85sec−1 on O2 (p=0.3490; ΔR2*=7.60±4.69sec−1). ΔR2* was 

similar for control and Y90 groups at baseline (p=0.1113). After radioembolization, one-

week imaging showed a reduction in R2* to 59.78±16.64sec−1 on room air versus 

53.07±13.34sec−1 on O2 (ΔR2*=6.71±7.75sec−1). At two weeks, mean R2* values were 

65.47±23.05sec−1 during room air breathing versus 60.99±21.47sec−1 during O2 breathing 

for Y90 rabbits (ΔR2*=4.48±9.00sec−1). While the ΔR2* decreased in Y90 tumors, it 
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increased for control tumors: 74.92±12.74sec−1 on room air versus 62.55±19.58sec−1 on O2 

(ΔR2*=12.37±12.36sec−1). The Pearson correlation coefficient for ΔR2* at baseline and 

percent increase in tumor size by two weeks was 0.798 for Y90 rabbits (p=0.002) and 

−0.226 for untreated controls (p=0.667).

Explant Findings & Histopathology

Representative H&E images are shown in Figure 5. Despite differences in CE-MRI at two 

weeks, there was no difference in mean pathological necrosis with 46.1% versus 47.1% 

necrosis in controls and Y90 tumors, respectively (p=0.9287). Trichrome staining of the 

normal hepatic parenchyma at two weeks was similar in appearance for control and Y90 

rabbits without fibrosis.

Immunofluorescence

Microvessel density (CD31). Positive staining for microvessels was observed within the 

tumor periphery with no difference in mean MVD detected: 826.8 versus 740.5 vessels/mm2 

in control versus Y90 tumors, respectively (p=0.6682). Representative immunostained 

images are shown in Figure 6.

Proliferative index (Ki67). Ki67 nuclear staining was observed throughout the tumor with 

the highest density in the viable tumor rim. The mean proliferative index was reduced in 

Y90 tumors at 30.5% versus 47.5% for controls (p=0.0071).

DISCUSSION

The evaluation of hepatic VX2 tumors included anatomical imaging, gas-challenge BOLD 

MRI, and contrast-enhanced MRI in an imaging protocol requiring <1hour. Diminishing 

ΔR2* after radioembolization was observed over time due to decreased R2* during room air 

breathing that suggests decreased tumor hypoxia in this animal model (17,18). In controls, 

increased ΔR2* between baseline and 2-week imaging accompanying increased tumor size 

suggests increased tumor hypoxia. Moreover, we learned that there was variability in 

baseline tumor ΔR2* and higher ΔR2* at baseline was correlated with increased tumor 

growth after radioembolization, indicating decreased treatment efficacy in more hypoxic 

tumors. Immunofluorescence demonstrated no difference in microvessel density at two 

weeks between Y90 and control groups, further suggesting the observed differences in ΔR2* 

were not attributable to decreased perfusion but rather other factors such as decreased tumor 

metabolism with a decreased proliferative index supporting this mechanism. These findings 

support the hypothesis that the baseline oxygenation status of tumors treated with 

radioembolization may relate to treatment response and that Y90 treatment may influence 

tumor oxygenation over time. Understanding these changes may guide treatment and 

improve knowledge of tumor biology and physiology following radioembolization.

Imaging hypoxia.

Our findings may extend to primary and secondary hepatic malignancies where necrosis 

from chronic diffusion-limit hypoxia is a significant finding. Noninvasive imaging of tumor 

hypoxia has primarily consisted of nuclear imaging techniques with specialized radiolabeled 
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nitroimidazoles (19–23), nucleoside conjugates (24,25), or Cu(II)-diacetyl-bis(N4-

methylthiosemicarbazone) (60Cu-ATSM) (26) that are preferentially taken up and retained in 

severely hypoxic cells to allow positron emission tomography (PET) imaging of these 

regions. Clinically, PET imaging of hypoxia may someday inform patient prognosis and 

treatment selection on a patient-specific basis (20,22) and guide planned radiation fields and 

doses (23,26). However, its use is currently limited since these techniques require an onsite 

cyclotron, expose patients to ionizing radiation, and are difficult to adopt in the thorax and 

upper abdomen where motion artifacts can severely influence CT images (27). Alternatively, 

we implemented broadly applicable MR imaging techniques for rapid noninvasive hypoxia 

imaging in the liver that have been recently applied after conventional chemoembolization 

procedures for HCC (28). We propose assessment of tumor hypoxia prior to Y90 may be 

clinically useful as baseline tumor ΔR2* was correlated with VX2 tumor growth after Y90.

BOLD imaging.

Previous work has demonstrated that BOLD MRI in the liver allows visualization of R2* 

changes that accompany gas-challenges, with measurements influenced by a hepatic tissue 

properties including fibrosis, tumor size, and tumor microvessel density (9,11,12). Imaging 

of oxygenation with BOLD MRI has been most widely utilized with fMRI in the brain (29) 

but has also been studied in the kidney (30,31), in tumor models and mixed tumor sites 

(head and neck, rectum, bladder) (32,33), and also in the liver to evaluate fibrosis (12) and 

hepatic tumors (11). Signal changes in BOLD MRI of solid tumors have been demonstrated 

with carbogen gas breathing in humans (33) and these changes could be further explored in 

relation to radiotherapy efficacy or oxygen electrode measurements in hepatic tumors. Our 

protocol did not require carbogen gas and allowed rapid assessments of tumor ΔR2* in 

addition to anatomic and CE-MRI.

Modulating tumor oxygenation as a future therapeutic strategy.

The absence of O2 attenuates DNA damage, reducing radiotherapeutic efficacy. Moreover, 

hypoxia also controls gene regulation, influencing tumor behavior: pH, glucose metabolism, 

growth factors, and Hif-1α stabilization that mediates angiogenesis (VEGF), glycolysis 

(GLUT1), apoptosis (BNIP), and cell proliferation (IGF2)(34). Strategies to overcome tumor 

hypoxia (Table 2) include: increasing O2 delivery to tumors, delivering agents that 

preferentially sensitize hypoxic cells to radiotherapy (nitroimidazoles), and using agents that 

are preferentially cytotoxic to radioresistant hypoxic tumor cells (anaerobic bacteria (35), 

Mitomycin C). Understanding tumor oxygenation changes after radioembolization may 

assist in guiding management for future combination with systemic chemotherapies. 

Moreover, the increase in R2* observed during room air breathing at baseline suggests that 

ventilated gases can impact tumor oxygenation status. Therefore, BOLD imaging could be 

implemented to discern whether tumors are responsive to oxygen breathing and identify 

ideal patients for home oxygen therapy to increase the oxygenation of hepatic tumors 

following radioembolization. The safety and tolerability of such approaches should be areas 

of focus for phase 1 trials; it is anticipated that imaging-guided strategies to evaluate and 

optimize tumor oxygenation would identify those candidates most likely to benefit from 

such interventions. Specifically, data for radiotherapy demonstrate tumor hypoxia <10mmHg 

in head and neck cancer (36), carcinoma of the cervix (17,34), and soft-tissue sarcomas 
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(19,37) as well as anemia prior to or during radiotherapy (24) confer greatly diminished 

response, survival, and freedom from local and distant recurrences. We propose MR imaging 

to monitor tumor oxygenation and guide therapeutic strategies to optimize this parameter for 

enhanced radiotherapy, a strategy that has been successfully utilized in head and neck 

cancers and brain metastasis but has not been utilized in radioembolization.

Limitations.

The rabbit VX2 model was chosen because the tumor blood supply is almost entirely 

derived from the hepatic artery, similar to human HCC; in addition, rabbit anatomy is 

sufficiently large to facilitate catheterization procedures that closely parallel the clinical 

paradigm (38). This model allows development and validation of new technologies and 

proofof-concept studies, but is not an appropriate surrogate for therapeutic response to 

therapy for human HCC, and clinical studies are needed. We also used a fixed, Y90 dose, 

and future studies should examine dose-dependence of oxygenation changes. A simple 

oxygen-breathing technique for BOLD MRI was described; however, BOLD signal is 

influenced by partial volume effects of large blood vessels, motion (respiratory, cardiac 

pulsation), diffusion, and Bo field inhomogeneities. While large vessels were specifically 

avoided while drawing ROI and free-breathing gated-sequences were used, more rigorous 

quantitative BOLD techniques (qBOLD) could be necessary to account for these remaining 

factors (39). Future work implementing 90Y PET/CT imaging techniques to visualize 

microsphere distributions in relation to hypoxic regions could advance our understanding of 

these relationships. Finally, despite differences in CE-MRI, there was similar tumor necrosis 

on pathology at the 2-week time-point for both groups. VX2 tumors are necrotic even in the 

absence of therapy and Y90 requires more than 2 weeks to generate tumor response by 

necrosis (median 1.7 months) and size criteria (median 7.6 months) (40). Thus, variability in 

tumor necrosis and our 2-week endpoint could explain why no difference in pathologic 

necrosis was observed. Moreover, radiologic-pathologic correlation after liver-directed 

therapy for HCC is limited and may show complete pathologic necrosis in 14–21% after 

progressive disease on imaging or viable disease in 32–55% after imaging response (41). 

Our enhancement evaluations were limited as some lesions were T1 hyper-intense (relative 

to liver) at baseline and true multiphasic contrast-enhanced imaging could improve these 

measurements.

CONCLUSIONS

Intrahepatic VX2 tumors were treated with radioembolization at 50 Gy dosing. In 

comparison to untreated controls, this resulted in decreased ΔR2* one-week post-treatment 

that persisted to two weeks. The decrease in this parameter was attributed to decreased 

hypoxia rather than decreased perfusion because Y90 rabbits had decreased tumor 

proliferation without diminished microvessel density compared to controls. Moreover, 

increasing baseline ΔR2* was correlated with increased tumor growth after Y90, indicating 

decreased treatment efficacy in more hypoxic tumors. This finding may predict 

radioembolization outcomes. Since all the implemented elements of this study are separately 

used in clinical practice, phase 1 investigations to bring these together for assessment of 

tumor oxygenation after radioembolization seem both possible and worthwhile.
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Refer to Web version on PubMed Central for supplementary material.
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Summary Statement:

MRI measurements tracked changes after radioembolization and correlated with 

resistance to therapy as measured by increased tumor growth at 2 weeks

Key Points:

MRI measurements demonstrate measurable changes after radioembolization during gas-

challenge examinations. Pre-procedural MRI metrics may predict therapeutic resistance 

to radioembolization. Decreased tumor proliferation was observed at 2 weeks follow 

radioembolization.
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Figure 1. 
Imaging protocol for evaluation of rabbit VX2 tumors (circled) and representative images at 

baseline and 2 weeks post yttrium-90 radioembolization. Rabbits were maintained on 98% 

O2 with 2% isoflurane gas anesthesia at 1L/min. Anatomical T2-weighted imaging was used 

to identify intrahepatic VX2 tumor growth as 1–2 cm heterogeneously hyperintense lesions. 

R2* mapping with complete tumor coverage was performed using a 4-echo respiratory-gated 

GRE sequence during oxygen breathing and gas anesthesia was subsequently switched to 

room air (20% O2, 78% N2, 2% isoflurane). Pre-contrast T1-weighted GRE imaging was 

acquired and at least 10 minutes were allowed prior to steady-state R2* mapping during 

room air breathing. Contrast-enhanced imaging after administration of dimeglumine 

gadopentate (Magnevist) allowed evaluation of tumor enhancement.
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Figure 2. 
a) Digital subtraction angiography after x-ray fluoroscopy guidance of radio-opaque 

microcatheter tip (arrow) positioning in the proper hepatic artery confirms tumor blush 

(circle) in the left lateral lobe with dominant supply from the left hepatic artery. b) Gross 

pathologic photograph of tumor (circled) in the left lateral lobe (outlined) with several 

smaller satellite lesions (arrows). The treated tumor appears small, pale, and retracted from 

the adjacent parenchyma with puckering in the tumor periphery.
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Figure 3. 
Imaging at baseline (left) and 2-weeks post-radioembolization (right) after infusion of 

94MBq 90Y to the whole liver. At baseline, both lesions enhance on contrast-enhanced (CE) 

imaging and high R2* values are present within areas of central necrosis in each tumor (1 

and 2). After 2 weeks, tumor 1 has enlarged and shows considerable necrosis with peripheral 

rim enhancement on CE-MRI. Gas challenge resulted in little to no increase in R2* during 

room air breathing at this time.
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Figure 4. 
Whole tumor R2* changes during room air (AIR) versus oxygen (O2) breathing. Room air 

breathing increased R2* values within VX2 tumors at baseline due to increased 

paramagnetic susceptibility from deoxyHb. a) Over time, rabbits treated with 

radioembolization (n=12 tumors, 6 rabbits) had reductions in R2* values during room air 

breathing at 1 and 2 weeks post-radioembolization while b) untreated control rabbits (n=6 

tumors, 3/5 rabbits) demonstrated a stable to slightly increased R2* during room air 

breathing at 2 weeks. c) Tumor growth rate was higher in untreated control rabbits and while 

the gas-challenge signal was maintained in control rabbits, tumors treated with 

radioembolization had a drop in this signal suggesting decreased tumor hypoxia.
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Figure 5. 
Histopatholgy of VX2 tumors following yttrium-90 radioembolization (a,c) versus untreated 

control rabbit (b,d). a) H&E demonstrates necrosis with inset at 200x optical magnification 

demonstrating microsphere (arrow) in the tumor periphery. b) Untreated control tumors 

demonstrated viable tissue and focal areas of necrosis (scale bar = 5mm). Masson’s 

trichrome staining at 25x optical magnification shows no difference in fibrosis between c) 

yttrium-90 treated rabbits and d) control rabbits at 2-weeks.
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Figure 6. 
Immunofluorescence staining of VX2 tumors following yttrium-90 radioembolization (right) 

versus untreated control rabbits (left). a) CD31 positive staining (red) at 200x optical 

magnification demonstrated similar microvessel density (scale bar = 50μm) within the tumor 

periphery for the two groups and b) quantification showed no difference in MVD 

(p=0.6682). c) Increased Ki67 positive nuclear staining (green) was observed in untreated 

controls that had d) increased proliferative index in comparison to 90Y treated VX2 tumors 

(p=0.0071).
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Table 1:

MRI Pulse Sequences

Purpose Sequences Scan Parameters

Anatomic Imaging 3D T2-Weighted Turbo Spin Echo 
(TSE)

TR/TE=1053/30ms, turbo-factor=12, 256×256 matrix, 130×130mm FOV, 30 
slices at 1.5mm thickness, 200Hz/px Bandwidth.

BOLD R2* 
Measurements

R2* 3D Gradient recalled echo 
(GRE)

TR=1730ms, 30° FA, GRE ETL=4, echo-spacing (ES)=3.72ms, 256×256 
matrix, 120×120 mm FOV, 1.0mm slice thickness, 500Hz/px Bandwidth.

Tumor Enhancement T1 3D Gradient recalled echo 
(GRE)

TR/TE=1730/2.42ms, 90° FA, 256×256 matrix, 120×120 mm FOV, 1.5mm 
slice thickness, 500Hz/px Bandwidth.
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Table 2.

Radiosensitizing Agents and Oxygenation

Mechanism Description Clinical Use

Targeting hypoxic cells

 Mitomycin C Causes alkylation and crosslinking of DNA under 
anaerobic conditions Hepatocellular carcinoma

 Tirapazamine Causes oxidative damage to pyrimidines Non-small cell lung cancer (brain metastases), 
head & neck cancers

 Cisplatin Crosslinks DNA Hepatocellular carcinoma

Increasing tumor O2

 Efaproxiral Decreases the oxygen binding affinity of hemoglobin 
through allosteric modification

Non-small cell lung cancer, metastatic breast 
cancer (brain metastases)

 Perfluorocarbon O2 carriers Increases O2 concentrations Experimental

Sensitization to radiotherapy

 5-FU Inhibits DNA synthesis (thymidine analog) Metastatic colorectal cancer

 Irinotecan Inhibits topoisomerase I Metastatic colorectal cancer

 Paclitaxel Inhibits microtubules Metastatic breast cancer

 Gemcitabine Produces metabolites that cause early termination of 
DNA strands

Intrahepatic cholangiocarcinoma, metastatic breast 
cancer, pancreatic cancer

 Motexafin gadolinium
Sensitizes cancer cells to ionizing radiation through 
targeting redox-dependent pathways and serves as an
MRI contrast agent

Non-small cell lung cancer (brain metastases)
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