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The aims of this thesis are, first, to investigate the toxicities associated 
with transarterial chemoembolization of liver tumors and to evaluate the use 
of MR imaging in characterizing tumor response after this locoregional 
therapy, second, to further develop intra-arterial therapy of liver tumors with 
3-bromopyruvate (3-BrPA), a novel anti-cancer agent, and finally, to assess 
the value of new MR imaging techniques in the characterization of liver 
lesions.  

 
Hepatocellular carcinoma (HCC) is the most common type of primary 

liver cancer and is associated with more than 600,000 cases diagnosed 
worldwide each year (1). The incidence in the United States continues to 
increase, mainly due to the concomitant increase in hepatitis C virus 
infections (2). Other histologic types of primary liver cancer, including 
intrahepatic cholangiocarcinoma, while less common than HCC, are also 
experiencing a rise in incidence (3).  

 
Metastatic disease is the most common malignancy of the liver in the 

Western world. The liver is the most common site for developing 
metastases, accounting for more than one half of cases of advanced cancer 
(4). Although primary tumors originating from gastrointestinal sites are 
more likely than others to develop hepatic metastases, many tumors arising 
in others locations, including those of the breast and eye, also commonly 
develop hepatic metastases (5-7).  

 
Surgical resection and liver transplantation are considered to be the 

only curative treatment for patients with hepatic malignancies. 
Unfortunately, tumors in most patients are found to be unresectable at the 
time of presentation, leaving palliative therapy as the only option. This has 
resulted in increased utilization of minimally invasive strategies as 
therapeutic options for both primary and metastatic hepatic malignancies (8, 
9). These locoregional therapies include ablative techniques and catheter-
based approaches. Ablation can be applied either chemically (percutaneous 
ethanol injection) or thermally (radiofrequency ablation, microwave ablation 
and laser ablation). Catheter-based approaches include transarterial 
chemoembolization (TACE) and transarterial radioembolization.  

 
During TACE, intra-arterial chemotherapy and arterial embolization 

are believed to act in a synergistic manner. A key theoretic advantage of 
TACE over systemic chemotherapy is that the chemotherapeutic agents used 
are not intravenously infused throughout the systemic circulation; rather, 
they are administered locally through the hepatic artery (10, 11). Thus, the 
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subjectively reported side effects of TACE are mild compared with those 
caused by systemic chemotherapy. However, current studies on TACE focus 
on survival benefits rather than TACE-induced systemic toxicities.  

 
Therefore, in Chapter 2, we determine the toxicity profile of TACE at 

6 months and 1 year after treatment in patients with HCC using a 
standardized oncology protocol (CTCAE, version 3.0) so that TACE can be 
compared with the use of the systemic chemotherapeutic agents most 
commonly used for liver cancer (ie, doxorubicin, cisplatin, and 5-
fluorouracil).   

 
Assessment of tumor response after locoregional therapy is an 

increasingly important task in oncologic imaging. New imaging modalities 
play a critical role in determining treatment success and in guiding future 
therapy (12). Various imaging modalities, including Doppler 
ultrasonography, angiography, computed tomography (CT) and MR 
imaging have been used to evaluate treatment response (13). In Chapter 3, 
we summarize the current available literature on the role of MR imaging in 
assessing treatment response after various locoregional therapies that are 
commonly used to treat patients with hepatic malignancies. 

 
Unfortunately, conventional MR imaging techniques may be limited 

in providing clinically satisfactory information about the extent of tumor 
necrosis, which is the main indicator of tumor cell death (14). A novel 
imaging technique for assessment of tumor response is diffusion-weighted 
MR imaging. This imaging technique is used to detect the motion of water 
molecules, which is mapped by the Apparent Diffusion Coefficient (ADC). 
Viable tumors are high in cellularity and these cells have intact cell 
membranes, which restrict the mobility of the water molecules, thus causing 
a relatively low ADC value. Conversely, cellular necrosis causes increased 
membranous permeability, which allows water molecules to move freely, 
resulting in a high ADC value. 

 
In the subsequent chapters of Part I we assess the value of functional 

MR imaging in the evaluation of early tumor response after TACE. 
Furthermore, we compare tumor response based on functional MR imaging 
versus traditional imaging assessment based on iodized oil deposition, 
tumor size, and tumor enhancement. Chapter 4 focuses on breast cancer 
liver metastases, which are mainly hypovascular in nature. In Chapter 5 we 
analyze liver metastases derived from neuroendocrine primaries, which are 
mainly hypervascular in nature. In the following chapters, we aim to 
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confirm these data in metastatic leiomyosarcoma (Chapter 6) and metastatic 
ocular melanoma (Chapter 7). 

 
In Part II, we focus on the development of a new therapeutic strategy 

for liver cancer. In recent years, the development of new cancer medicines 
has shifted away from conventional cytotoxic drugs towards targeted 
therapies. These targeted agents promise to be a more effective form of 
anticancer therapy and are ideal candidates for intra-arterial administration. 
3-BrPA, a synthetic brominated derivate of pyruvic acid, acts as an 
irreversible glycolytic inhibitor and is, therefore, a highly promising 
candidate for this targeted strategy for treating liver cancer (15). 

 
Cancer cells depend on large quantities of energy to maintain elevated 

rates of proliferation. Specific adaptations in energy-yielding pathways are 
observed, including activation of glycolysis and down regulation of 
oxidative phosphorylation, known as the “Warburg effect” (16). Glycolysis 
is critical to cancer growth and is clearly validated as a target for cancer 
treatment (17). In line with this, 3-BrPA has been shown to have antitumor 
effects when injected intra-arterially in the hepatic artery of rabbits with 
VX2 liver tumors (18). In Chapter 8, we aim to develop a suitable animal 
model of liver cancer in order to compare the influence of partial 
hepatectomy, intra-arterial treatment with 3-BrPA and TACE on regional 
and distant metastases.  

 
In order to thoroughly understand the in vivo effects of 3-BrPA and 

thus predict the toxicity and efficacy profiles, the aim of Chapter 9 is to 
determine the biodistribution and tumor targeting ability of 14C-labeled 3-
BrPA ((14C) 3-BrPA) after intra-arterial and intravenous delivery in the 
VX2 rabbit model. In addition, we evaluate the effects of (14C) 3-BrPA on 
tumor and healthy tissue glucose metabolism by determining 18F-
deoxyglucose (FDG) uptake. Last, we determine the survival benefit of 
intra-arterial administered 3-BrPA. 

 
In a subsequent study (Addendum) we evaluate the anti-glycolytic 

effects of 3-BrPA on rats bearing RMT mammary tumors, by determining 
FDG uptake after intravenous administration of the therapeutic dose. 

 
Diagnostic imaging is crucial in determining treatment strategies in 

patients with liver cancer. Size, number and locations of tumors; anatomy 
and patency of relevant arteries and veins; evidence of organ obstruction; 
alterations due to surgery or stenting; and critical adjacent structures, are all 
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considered when formulating a treatment plan and judging its risks and 
benefits (19). In Part III we discuss advances in imaging of liver lesions. 

 
Overlap between different lesions on conventional MR imaging may 

exist, therefore distinguishing liver cancer from other hypervascular liver 
lesions may be difficult. Diffusion-weighted MR imaging has been used 
previously in tissue characterization and may be of value in such cases (20, 
21). In Chapter 10, we assess the accuracy of diffusion-weighted MR 
imaging in differentiating between hemangiomas and other relatively 
common hypervascular liver lesions, including focal nodular hyperplasia 
(FNH), HCC, and hypervascular liver metastases. 

 
Another approach to tumor characterization and treatment evaluation 

is the use of tissue-specific contrast media. Normally, dynamic contrast-
enhanced MRI is performed with the traditional extracellular gadolinium-
based contrast agents. Gadolinium-ethoxybenzyl-diethylenetriamine- 
pentaacetic-acid (Gd-EOB-DTPA) is a third generation gadolinium-based 
MR contrast agent with the unique ability to combine MR perfusion 
imaging with hepatocyte specific uptake (22). In Chapter 11 we report on 
the role of diffusion-weighted MR imaging in determining tumor necrosis 
and contrast-enhanced MR imaging using Gd-EOB-DTPA. Maximum 
tumor size measurement and tumor delineation are determined and 
compared to gold standard histologic measurements in the rabbit VX2 liver 
tumor model. 

 
Finally, Proton MR spectroscopy (1H MRS) is an imaging technique 

that may be utilized to quantify biochemical metabolite concentrations. 1H 
MRS provides assessment of the concentration of several metabolites and is 
useful as a noninvasive means of studying the biochemistry of a lesion 
relative to normal tissue (23). In Chapter 12 we compare these metabolic 
(absolute quantification of tumor choline concentration) MR imaging 
findings to percent necrosis at pathology in rabbits bearing VX2 liver 
tumors. 
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ABSTRACT 

 
PURPOSE:  
To determine the toxicity profile of transarterial chemoembolization (TACE) 
at 6 months and 1 year after treatment in patients with hepatocellular 

carcinoma (HCC) in a standardized oncology protocol so that TACE could 
be compared with systemic chemotherapeutic regimens for liver cancer.  
 
MATERIALS AND METHODS: 
The study was authorized by the institutional review board. Between 
January 2002 and January 2007, 190 patients (155 men, 35 women; median 
age, 65 years; age range, 18–84 years) with HCC who underwent TACE 
treatment were identified from a prospectively collected database. Clinical 
records of complete blood cell counts and chemical profiles at baseline and 
at 6 and 12 months after treatment were studied retrospectively. Toxicity 

was graded according to the common terminology criteria for adverse 

events (CTCAE). A transition (survival) analysis perspective was used to 
estimate the distribution of toxicity grades. Patient survival from the first 
TACE session was calculated with Kaplan-Meier analysis.  
 
RESULTS: 
Grade 3 or 4 toxicity 6 and 12 months, respectively, after treatment included 
leukocytopenia (7% and 19%); anemia (9% and 19%); thromobocytopenia 
(13% and 23%); prolonged activated partial thromboplastin time (8% and 
18%); elevated aspartate aminotransferase (15% and 18%), alanine 
aminotransferase (10% and 18%), and alkaline phosphatase (8% and 18%) 
levels; hypoalbuminemia (10% and 19%); hyperbilirubinemia (10% and 
22%); and alopecia (18%). The cumulative survival rate was 58% at 1 year, 
39% at 2 years, and 29% at 3 years. These toxicity rates were considerably 
lower than those reported after treatment with currently used systemic 
chemotherapeutic agents.  
 
CONCLUSION: 
Study results show that TACE has a favorable long-term toxicity profile in 
patients with HCC. Data clearly support the role of TACE in the treatment 
of patients with nonresectable HCC. 
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INTRODUCTION 
  
Hepatocellular carcinoma (HCC) is the fifth most common cancer in 

the world (1). The incidence of and mortality rate with HCC continue to rise 
steadily in North America and Europe, mainly owing to the concomitant 
increase in hepatitis C viral infections (2, 3).  

 
Surgical treatments, including hepatic resection, liver transplantation, 

and percutaneous ablation, are considered the only curative treatments for 
patients with early-stage HCC and yield 5-year survival rates of 50%–70% 
(4). However, fewer than 20% of patients with HCC can be treated 
surgically, and given the lack of a survival benefit from systemic 
chemotherapy, locoregional therapeutic options such as transarterial 
chemoembolization (TACE) have become the mainstay of therapy.  

 
A key theoretic advantage of chemoembolization over systemic 

chemotherapy is that the chemotherapeutic agents used (doxorubicin, 
cisplatin, and others) are not intravenously infused throughout the systemic 

circulation; rather, they are administered locally through the hepatic artery. 
This is especially important in patients with HCC, who also have underlying 
liver dysfunction. One of the main concerns regarding systemic 
chemotherapy is the fact that patients who receive this form of treatment 
may experience side effects that include pain, nausea, vomiting, 
myelosuppresion, and alopecia and/or serious adverse events such as cardiac 
toxicity. These side effects are well described in the Common Terminology 
Criteria for Adverse Events (CTCAE), version 3.0 (5), and represent one of 
the major disadvantages of using systemically delivered chemotherapy. 
Moreover, rates of response to single or combination chemotherapy are still 
very low—typically less than 20% (6). 

 
The subjectively reported side effects of TACE are mild compared 

with those caused by systemic chemotherapy. These side effects are in large 
part attributed to postembolization syndrome and include nausea, vomiting, 
abdominal pain, fever, and loss of appetite (7, 8). Because the focus of most 
studies is patient survival rather than toxicities caused by TACE, precise 
analysis of potential TACE-induced systemic toxicities is lacking (9, 10).  
Yet the potential lack of severe systemic toxicities after TACE compared 

with those after systemic chemotherapy is one of the most important 

advantages of using this locoregional therapeutic approach. Therefore, the 
goal of our study was to determine the toxicity profile of TACE at 6 months 
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and 1 year after treatment in patients with HCC in a standardized oncology 
protocol (CTCAE, version 3.0) so that TACE could be compared with the 
use of the systemic chemotherapeutic agents most commonly used for liver 
cancer (ie, doxorubicin, cisplatin, and 5-fluorouracil).  
 

MATERIALS AND METHODS 
 
Patient Selection 

 
The study was authorized by the institutional review board of Johns 

Hopkins Hospital. We retrospectively analyzed prospectively collected data 
on all patients with HCC who were evaluated at Johns Hopkins Hospital 
Liver Clinic for possible TACE between January 1, 2002, and January 1, 
2007. For all of these patients, the diagnosis of HCC was based on either the 
findings in histologic specimens obtained with needle biopsy or the finding 
of a hypervascular lesion on cross-sectional magnetic resonance (MR) 
images in addition to an alpha-fetoprotein level higher than 400 U/L (400 
µg/L). Only those patients who were not suitable for curative therapies such 
as resection, liver transplantation, or percutaneous intervention were 
considered for TACE. Patients were required to be at least 18 years old, 
have preserved liver function (Child-Pugh class A or B) without substantial 
liver decompensation, and have an Eastern Cooperative Oncology Group 
performance status score of 0–2. Encephalopathy, severe variceal bleeding, 
and/or either ascites, marked thrombocytopenia, prolonged impaired renal 

function, acute renal failure, or severe liver failure was considered an 
absolute contraindication to TACE. All patients provided written informed 
consent before undergoing any study-specific procedures. Only those 
patients whose baseline evaluation was performed at our institution were 
included. Baseline evaluation included complete blood cell count, a 
biochemical profile, and dynamic MR imaging.  
 
Chemoembolization Technique 

 
All chemoembolizations were performed by a single experienced 

interventional radiologist (J.F.H.G., K.H., C.S.G.) and by using the same 
technique. An 18-gauge single-wall needle was used with the Seldinger 
technique to access the right common femoral artery. A 5-F vascular sheath 

was placed in the right common femoral artery over a 0.035-inch guidewire 

(Terumo Medical, Somerset, NJ). With fluoroscopic guidance, a 5-F glide 
Simmons-1 catheter (Cordis, Miami, Fla) was advanced into the aortic arch 
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and then used to select the celiac axis. The catheter was advanced over the 
guidewire and into the desired hepatic artery branch, depending on the 
tumor location. Selective catheterization was performed to achieve lobar or 
segmental embolization based on the targeted lesions. A solution containing 
100 mg of cisplatin (Platinol; Bristol-Myers Squibb, Princeton, NJ), 50 mg 
of doxorubicin (Adriamycin; Pharmacia-Upjohn, Kalamazoo, Mich), and 10 
mg of mitomycin C (Mutamycin C; Bedford Laboratories, Bedford, Ohio) in 
a 1:1 mixture with iodized oil was infused and followed by the infusion of 
either polyvinyl alcohol particles or gelatin-coated trisacryl microspheres 
(Embosphere particles; Biosphere Medical, Rockland, Mass) until stasis was 
achieved.  

 
Collected Data and Follow-up 

 
According to the protocol, patients underwent contrast material–

enhanced and diffusion MR imaging 4–6 weeks after TACE for assessment 

of tumor response. Complete blood cell counts and biochemistry profiles 

were acquired to assess toxicity. Patients with nearly complete tumor 

necrosis were followed up with MR imaging, complete blood cell counts 

and biochemistry profiles every 6–8 weeks. Patients with residual 

enhancement and a maintained clinical performance status underwent 

additional TACE treatment(s). Toxicity was assessed and graded according 

to the CTCAE, version 3.0, for toxicities. The CTCAE, version 3.0, are used 
to define grade 1–5 toxicities, with unique clinical descriptions of the 
severity for each adverse event (AE) based on the following general 
guidelines: Grade 1 indicates mild AE; grade 2, moderate AE; grade 3, 
severe AE; grade 4, life-threatening or disabling AE; and grade 5, death 
related to AE. At the time of analysis, the survival statuses of all patients 
were obtained from the Social Security Death Index. A decision was also 
made to exclude from the analysis any measurements that had been obtained 
within 3 weeks after TACE. This decision was based on the fact that 
transient transaminase elevation is a normal response to TACE (without 
clinical consequences) that is seen in nearly all patients who undergo this 
treatment. Typically, up to three separate TACE treatments are performed in 

a treatment cycle, similar to systemic chemotherapy cycles. The decision to 
repeat treatment was based on residual enhancement seen at MR imaging. 
We chose two time points at which to analyze the data: 6 months after the 
first TACE for evaluation of short-term toxicity after a complete TACE 
cycle and 1 year after TACE for assessment of the long-term effect of TACE 
on systemic and liver-specific toxicities. These time points also allowed us 
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to compare our results with those obtained with other liver chemotherapy 
regimens.  
 
Statistical Analyses 

 
The goal of our analysis was to estimate the distribution of toxicity 

grades at 6-month and 1-year follow-up after the first TACE. In the 

following paragraph, we discuss the methods that we used to estimate the 
toxicity distributions for one value at the 6 month follow-up, as these 
distributions are analogous for all toxicity substances and both follow-up 
times.  

 
For the patients in whom toxicity measurements were obtained both 

before and after 6 months, the closest measurements were used to obtain 
interpolated grades of toxicity at 6 months. For patients who were alive but 
in whom measurements had stopped before 6 months had passed, 
interpolation was not possible. To estimate the goal under reasonable 
assumptions, we viewed the problem from a transition—that is, survival 
analysis—perspective. From this perspective, for each patient, i, there are 
six transition times—T0,i, T1,i,

 T2,i, T3,i, T4,i, and Tdeath,i—that start from the 
first TACE and end at the time (closest to 6 months) at which the patient 
transitions to toxicity grade 0, to grade 1, to grade 2, to grade 3, to grade 4, 
and to death, respectively. From this perspective, the early stopping of 
measurements before 6 months is expressed as a censoring of some 

transition times. For example, if the last toxicity measurement in a patient 
was obtained at 4 months and was grade 3, then times T4,i

 and Tdeath,i are 
censored at 4 months, whereas the times T3,i, T2,i,

 T1,i, and T0,i are 
uncensored and can be determined by tracing back the patient's 
measurements.  

 
Details of the procedure used to transform the original data to such 

censored transition data are given in the Appendix. For each grade g, we 
estimated the fraction of patients (Pr) for whom the transition time to grade 
g, (Tg,i), was longer than 6 months, Pr(Tg,i > 6 m), by using survival analysis 
methods that account for censoring (see below). Finally, assuming that for 
the unobserved toxicity grades within a period close to 6 months or 1 year 
toxicity does not decrease, our goal—to determine the fraction of patients 
who were at a particular toxicity grade at 6 months, Pr(g6m)—could be 
achieved by using our estimates of Pr(Tg,i > 6 m) according to the following 

formula:  
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Pr(g6m) 

= Pr (Tg,i> 6 m) – Pr (Tg+1,i  ≤ 6 m) 

= [1- Pr (Tg,i> 6 m)] – [ 1- Pr (Tg+1,i  ≤ 6 m)] 

 
In other words, patients who were at toxicity grade g at 6 months are 

those patients who had transitioned to grade g on or before the sixth month 
(Tg,i 6 m) but had not transitioned to grade g + 1 on or before the sixth 
month (Tg+1,i 6 m). Because the baseline toxicity grade can be predictive of 
both the transition times and the censoring rates, we first estimated Pr(Tg,i > 
6 m) within strata of baseline grades by using the within-strata Kaplan-
Meier estimator (11). Then we reweighted these estimators according to the 
baseline grade distribution. We estimated baseline distributions of toxicity 
grades, transition distributions (see equation) within strata of baseline grades 
for 6 months and 1 year, and overall transition distributions.  

 
RESULTS 

  
Patient Characteristics 

 
At analysis of the information in our database, we identified a total of 

190 patients. The diagnosis of HCC was confirmed at histologic 

examination in 126 (66%) patients. The diagnosis of HCC in the remaining 

64 patients was based on cross-sectional MR imaging findings and elevated 
serum alpha-fetoprotein levels. Patient characteristics are shown in Table 
2.1. There were 155 male and 35 female patients (mean age, 65 years; age 
range, 18–84 years), and most of them (72%) were white. Forty patients had 
chronic hepatitis B, and 76 had chronic hepatitis C. The majority of patients 
(66%) had Child-Pugh class A cirrhosis. One hundred forty-one patients had 
multiple liver tumors. The average number of TACE sessions performed per 
patient was 2.4 (range, 1–3).  
 

Hematologic Toxicity 
 
The hematologic values observed in the 190 patients at baseline and 1 

year after TACE were graded according to the CTCAE, version 3.0, and are 
presented in Figure 2.1. Leukocytopenia, anemia, thrombocytopenia, and 
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prolonged activated partial thromboplastin time were the most common 
hematologic toxic effects. For most patients, the observed toxicity was mild 
(grade 1 or 2). Grade 3 and grade 4 leukocytopenia was detected in 6% and 
1% of the patients, respectively, after 6 months and in 6% and 13% of the 
patients, respectively, after 1 year. Grade 3 and grade 4 anemia was detected 
in 6% and 3% of the patients, respectively, after 6 months and in 4% and 
15% of the patients, respectively, after 1 year. Grade 3 and grade 4 
thrombocytopenia was detected in 10% and 3% of the patients, respectively, 
after 6 months and in 8% and 15% of the patients, respectively, after 1 year. 
Grade 3 prolonged activated partial thromboplastin time was detected in 8% 
of the patients after 6 months and in 18% of the patients after 1 year.  

 
To assess the assumption that within a period close to 6 months or 1 

year after TACE toxicity generally does not decrease, for each toxicity type 
we assessed the data for all patients with measurements obtained both before 
and after 6 months—or before and after 1 year—and thus in whom the 
assumption could be tested. Among these patients, the percentages of 
patients with measurements that were monotonic around 6 months ranged 
from 87% (glucose) to 99% (creatinine); these proportions ranged from 83% 
(alanine aminotransferase) to 100% (creatinine) around 12 months, 
indicating that our assumption was predominantly valid for the data with 
which it could be assessed.  
 
Nonhematologic Toxicity 

 
Postembolization syndrome consisting of abdominal pain, fever, loss 

of appetite, and nausea developed in most patients. However, these 

symptoms were generally mild and transient. Alopecia developed in 34 
(18%) patients. Elevated aspartate aminotransferase, alanine 
aminotransferase, and alkaline phosphatase levels; hypoalbuminemia; and 
hyperbilirubinemia were frequent nonhematologic adverse effects (Fig 2.2). 
Grade 3 or 4 toxicity manifested as elevated aspartate aminotransferase 
levels in 15% of the patients after 6 months and in 18% after 1 year. Grade 3 
or 4 alanine aminotransferase level elevations were detected in 10% of the 
patients after 6 months and in 18% after 1 year. Grade 3 alkaline 
phosphatase level elevations were detected in 8% of the patients after 6 
months and in 18% after 1 year. Grade 3 hypoalbuminemia was detected in 
10% of the patients after 6 months and in 19% after 1 year. Grade 3 or 4 
total bilirubin level elevation was detected in 10% of the patients after 6 
months and in 22% after 1 year.  
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In our patient group, severe complications were rare. Acute liver 

failure occurred in five (2.6%) patients and led to death in three of them. 
One patient died of variceal bleeding within 1 month after TACE. An 
intrahepatic abscess that developed in one patient 4 weeks after TACE was 
managed with drainage. One patient had a myocardial infarction 2 days after 
TACE and was treated with coronary artery bypass graft surgery.  
 
Survival 
 

The data of all patients were included in the survival analysis. Mean 
and median survival times after diagnosis were 27 and 16 months, 

respectively. Cumulative survival rates were 58% at 1 year, 39% at 2 years, 
and 29% at 3 years (Fig 2.3). Survival analysis of data for the 126 patients 
with Child-Pugh class A cirrhosis revealed cumulative survival rates of 68% 
at 1 year, 44% at 2 years, and 31% at 3 years.  

 
DISCUSSION  

 
HCC is one of the most common fatal cancers in the world. The 

incidence of HCC in the United States is on the rise owing to increased 
exposure to the hepatitis C virus (12). The prognosis is invariably poor, with 
a mean survival time of 6 months (13). Unfortunately, only a selected 
percentage of patients (10%–15%) are candidates for curative therapies 
because of the advanced stage of their disease at the time of diagnosis or the 
presence of comorbidity (14). TACE has become the mainstay of treatment 
for patients with nonresectable HCC. The aim in performing TACE is to 
deliver a high concentration of chemotherapeutic agents followed by an 
embolic agent to the tumor. This embolization blocks the arterial inflow and 
thus limits the washout of drugs and reduces the systemic side effects (15). 
Although this is a widely accepted notion, to our knowledge, there are no 

studies in the literature to date in which the systemic toxicities after TACE 
have been fully described. Therefore, our aim was to determine the toxicity 
profile of TACE in patients at 6 months and 1 year after treatment for HCC.  

 
The results of several nonrandomized trials have demonstrated the 

positive effect of TACE in terms of increased tumor necrosis, as well as the 
improvements in patient survivals (16, 17). However, few controlled 
randomized studies have been published. Early randomized clinical trials 
revealed no survival benefit for patients with HCC who were treated with 
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TACE (18, 19). This can be explained by the fact that in these early trials, 
either the enrolled patients or the methods used for TACE were 
heterogeneous. The two most recent prospective randomized trials, however, 
revealed markedly longer survivals after chemoembolization (9, 10).  

 
HCC is especially difficult to treat with systemic chemotherapy, and 

although multiple clinical trials have been performed to test many single- 
and combined-agent chemotherapies, to our knowledge, no regimen has 
facilitated a substantial tumor response or survival benefit. Furthermore, 
systemic toxicity is a well known disadvantage of chemotherapy. In fact, 
systemic toxicity is the limiting factor in establishing the dose of systemic 
chemotherapy, and in patients with HCC, who are already compromised 
owing to underlying liver disease, such toxicity can be extremely dangerous 
(20, 21). Sorafenib, an oral multikinase inhibitor, has induced partial tumor 
response; however, clinical trials are still underway and an extensive toxicity 
profile has yet to be determined (22). We believe that locoregional therapy, 

such as TACE, is unique because it delivers highly concentrated doses of 
chemotherapy to the tumor in a specific manner while preserving the 
nontumorous healthy liver tissue. In theory, this should prevent the 
occurrence of major systemic side effects.  

 
The single chemotherapeutic agents that have facilitated a consistent 

tumor response rate of more than 10% are doxorubicin, 5-fluorouracil, and 
cisplatin. These agents reportedly have induced hematologic toxicities in as 
high as 22% of patients (grade 3 or 4 anemia), 28% of patients (grade 3 or 4 
thrombocytopenia), and 67% of patients (grade 3 or 4 leukocytopenia) (23). 
In comparison, our results confirm the advantage of using locoregional 
treatment: Grade 3 or 4 hematologic toxicity manifesting as anemia, 
thrombocytopenia, or leukocytopenia was detected in only 9%, 13%, and 
7% of the patients 6 months after TACE, respectively. The reported median 
survival time after systemic chemotherapy for HCC is less than 6 months 
(range, 6–20 weeks) (23). Our results indicate a median survival time of 16 
months, and hematologic toxicities manifesting as leukocytopenia, anemia, 
thrombocytopenia, and prolonged activated partial thromboplastin time were 
detected in only 18%–23% of the patients after 1 year. Such results are even 
more remarkable given that all of these patients also had evidence of 
cirrhosis and thus were even more susceptible to the harmful effects from 
chemotherapy. In the patients with hematologic toxicities, we found no 
treatment-related mortalities, whereas treatment-related death rates as high 
as 25% have been reported in patients treated with doxorubicin (24).  
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Alopecia is considered to be one of the most distressing side effects of 

cancer therapy (25). This common side effect of systemic chemotherapy 

usually occurs 2–3 weeks after the first cycle of treatment. The likelihood of 
alopecia is related to the type of drugs used and the schedule of 
administration (26). Single-drug treatment with systemically administered 
anthracyclines leads to total alopecia in approximately 90% of treated 
patients (27). In our study, however, alopecia occurred in only 18% of the 
patients treated with TACE. This suggests that a substantial portion of the 
locally delivered chemotherapeutic agent in TACE stays in the tumor 
region. At the very least, it appears that TACE causes markedly lower rates 
of this traumatic side effect than does systemic chemotherapy.  

 
Rarely, TACE induces hepatic failure that results in increased serum 

levels of aminotransferases and bilirubin, ascites, or hepatic encephalopathy 

(28). These adverse effects usually are transient, with liver function 

returning to baseline levels within 3 weeks after TACE—even in patients 
with advanced HCC (but with Child-Pugh class A or B cirrhosis). These 
effects are reportedly independent of patient age, embolization site, and 
number of treatments (29). In our patient population, grade 3 or 4 toxicities 
manifested as elevated aminotransferase and bilirubin serum levels in 18%–
22% of the patients after 1 year. However, we cannot state conclusively 
whether this was a result of TACE or a part of the natural progression of 
liver disease. Acute liver failure occurred within 1 month after TACE in 
2.6% of the patients and led to death in 1.6% of them.  

 
Reported survival rates after TACE in patients with HCC vary 

between 60% and 88% at 1 year, between 30% and 60% at 2 years, and 
between 18% and 50% at 3 years, depending on several risk factors, such as 

Child-Pugh class, alpha-fetoprotein level, and presence or absence of portal 
vein thrombosis (30–32). In the present study, survival rates were 58% at 1 
year, 39% at 2 years, and 29% at 3 years; however, we did not stratify the 
patients for potential risk factors. Portal vein thrombosis traditionally has 
been considered one of the main contraindications to performing TACE 
(33). However, we previously reported that TACE can be performed safely 
in patients with this condition (34). Therefore, patients with portal vein 
thrombosis were not excluded from this study. Moreover, 64 patients had 
baseline Child-Pugh class B cirrhosis. The relative risk factors for Child-
Pugh class B cirrhosis (compared with Child-Pugh class A disease) and 

portal vein thrombosis are reported to be 1.72 and 1.58, respectively, and 
therefore may influence survival rates (35). The survival analysis of data for 
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the patients with Child-Pugh class A cirrhosis in our study revealed 
cumulative survival rates of 68% at 1 year, 44% at 2 years, and 31% at 3 
years.  

 
This study had several limitations: First, the study design was 

retrospective and not controlled. The uncontrolled nature of the study 
limited our ability to compare our study outcomes with those of other 
studies. However, our endpoints were objective and were obtained from a 
standardized source. Second, for obvious ethical reasons, not all patients 
underwent biopsy to confirm the diagnosis of HCC. We believe that the use 
of imaging features combined with elevated alpha-fetoprotein levels is a 

well-established alternative for confirming the diagnosis. Last, because it is 
difficult to differentiate procedural toxicity from progressive cirrhosis, our 
results represent findings in the worst-case scenario.  

 
In conclusion, our results show that TACE has a favorable toxicity 

profile in patients with HCC, with minimal long-term toxicities. These data 
clearly support the role of TACE in the treatment of patients with 
nonresectable HCC. Our results give clinicians a good overview of the 
toxicities that can be expected after TACE and thereby will be helpful for 
optimizing treatment strategies.  
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TABLES & FIGURES  
 

   
Characteristic 

 
Value 

   

 No. of patients 190 

 Patient age (y)* 65 ± 14 

 Male patients 155  (82) 

 Female patients 35  (18) 

 Race    

 White 136  (72) 

 African-American 28  (15) 

 Asian 26  (14) 

 Child-Pugh class   

 A 126  (66) 

 B 64  (34) 

 C 0  

 Hepatitis B 40  (21) 

 Hepatitis C 76  (40) 

 Diagnosis method   

 Histology 126  (66) 

 AFP level and MR    

 imaging findings 64 (34) 

 Multiple lesions  141  (74) 

 One lesion 49  (26) 

 
Table 2.1 Patient Characteristics, general information for all 190 patients evaluated. 
Note.—All except age data are numbers of patients, with percentages in parentheses.  
AFP = alpha-fetoprotein.  * Mean age ± standard deviation. 
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Figure 2.1 Hematologic toxicities. Histograms show estimated distributions at baseline and 
at 1 year after first TACE in all 190 patients. Horizontal bar scales convey the distributions 
of toxicity grades at baseline (bottom scale) and at 1 year (top scale). Vertical bars convey 
the possible associations between toxicity grades across the two time points. aPTT = 
activated partial thromboplastin time, Hb = hemoglobin. 
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Figure 2.2 Nonhematologic toxicities. Histograms show estimated distributions at baseline 
and at 1 year after first TACE in all 190 patients. Horizontal bar scales convey the 
distributions of toxicity grades at baseline (bottom scale) and at 1 year (top scale). Vertical 
bars convey possible associations between toxicity grades across the two time points. ALT 
= alanine aminotransferase, AST = aspartate aminotransferase. 
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Figure 2.3 Overall survival curve for all 190 patients with nonresectable HCC who were 
treated with TACE. 

 
APPENDIX  

 
Below we describe in detail the procedure used to transform the 

original data to censored transition data. We describe the procedure used to 
obtain the transition data relevant for estimating the proportion of patients 
whose toxicity grade at D months is larger than grade g, Pr(Tg,i > D). There 
are two main cases:  

 
Case 1 

 
In case 1, the patient has measurements obtained both before and after 

the date D. In this case, we define the measurement grade on the left or right 
of the interval, which includes date D as level.left or level.right. 
Accordingly, time.left and time.right are defined as the times when these 
measurements are made. There are two subcases. In subcase 1, the toxicity 
grade, g, increases around date D: (a) If level.right is less than g, then the 
transition data for the time to cross toxicity grade g (ie, time of follow-up 
and observation status) are defined as (date D + 1, 0). (b) If level.left is less 

than g and level.right is greater than or equal to g, then the transition data for 
the time to cross toxicity grade g are defined as (crossing time, 1), where 
crossing time is the interpolated time between time.left and time.right for 
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crossing g. (c) If both level.left and level.right are greater than or equal to g, 
then the transition data for the time to cross toxicity grade g are defined as 
(track back, 1), where track back is the first time the grade crossed g.  

 
In subcase 2, the toxicity grade either decreases or does not change 

around date D: (a) If that grade is less than g, then the transition data for the 
time to cross toxicity grade g are (date D + 1, 0). (b) Otherwise, the 
transition data for the time to cross toxicity grade g are (track back, 1).  

 
Case 2 

 
In case 2, there is no measurement after date D. In this case, level.left 

denotes the second to the last measurement and level.right denotes the last 
measurement. Accordingly, time.left and time.right are defined. There are 
three conditions: (a) If level.right is less than g, then the transition data are 
(time.right, 0). (b) If level.left is less than g and level.right is greater than or 
equal to g, then the transition data are (crossing time, 1). (c) If both level.left 
and level.right are greater than or equal to g, then the transition data are 
(track back, 1).  

 
We provide an example: A patient had a measurement of glucose 

toxicity of grade 0 at 153 days, and the next measurement was obtained at 

grade 2 at 226 days. This patient is predicted to have crossed grade 2 at day 
202; thus, this patient's contribution to estimating the proportion of patients 
whose toxicity grade at 180 days has crossed grade 2, Pr(T2,i > 180 days), 
belongs in category 1(1)b (case 1, subcase 1, condition b) and the transition 
data are (202, 1).  
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ABSTRACT 
 
Assessment of tumor response after locoregional therapies is important in 
determining treatment success and in guiding future therapy. Magnetic 
resonance imaging plays an important role in evaluating treatment response 
to new therapies directed toward hepatic lesion treatment. The traditional 
and accepted criteria to determine tumor response in oncology, namely the 
Response Evaluation Criteria in Solid Tumors (RECIST) and the European 
Association for the Study of the Liver (EASL) criteria, use decrease in tumor 
size and lesion enhancement as an indicator of successful therapy. A more 
recent evaluation method is the Apparent Diffusion Coefficient (ADC) 
measured by diffusion-weighted MR imaging. Diffusion-weighted MR 
imaging and ADC values map the thermally induced motion of water 
molecules in tissues and thereby are able to provide insight into tumor 
microstructure. In this article we discuss the role of MR imaging in 
assessing treatment response after various locoregional therapies. We 
describe the role of tumor size and lesion enhancement as well as ADC 
mapping. We also discuss the magnetic resonance imaging findings after 
radiofrequency ablation (RFA), transarterial chemoembolization (TACE) 
and radioembolization. 
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INTRODUCTION 
 

Although liver resection continues to be the standard for curative care 
in patients with hepatic malignancies, most patients are not candidates for 
surgical therapy. Therefore, minimally invasive strategies have gained 
increased attention as therapeutic options for both primary and metastatic 
hepatic malignancies (1, 2). These locoregional therapies include tissue 
ablation and embolization procedures, such as transarterial 
chemoembolization and transarterial radioembolization. Locoregional 
therapies can be applied intraoperatively, percutaneously, or intra-arterially 
with the use of imaging or angiographic guidance. The aim of these 
treatments is to induce cellular necrosis and achieve cytoreduction. Possible 
benefits of minimally invasive therapies over surgery are reduction in 
morbidity and mortality, decrease in duration of hospital stay and extension 
of patient selection by including nonsurgical candidates. 

 
Assessment of tumor response after locoregional therapies is 

important in determining treatment success and in guiding future therapy. 
Several monitors of tumor response have been used, including histology, 
tumor markers, and imaging. However, histologic evaluation using tissue 
biopsy can only be conclusive when it shows viable malignancy. Therefore, 
repeated negative biopsies do not exclude the presence of residual tumor. 
Tumor markers solely are of limited use in assessing tumor response. 
Various imaging modalities, including Doppler ultrasonography, 
angiography, computed tomography (CT), and magnetic resonance imaging 
(MRI) have been used to evaluate treatment response (3, 4). In this article 
we discuss the role of MRI in assessing treatment response after various 
locoregional therapies that are commonly used at our institution. 

 
Role of Imaging in Assessing Treatment Response 

 
Standardized criteria for measuring therapeutic response have been 

established in 1981 by the World Health Organization (WHO) (5). 
However, several problems were encountered when using these WHO 
criteria. These include wide variations between observers in estimating the 
position of the lesion boundary and the number of lesions that may be used 
to assess for response. Furthermore, the use of relatively new imaging 
modalities such as CT and MRI caused confusion about the use of 3-
dimensional measurements. In 2000 the Response Evaluation Criteria in 
Solid Tumors (RECIST) was introduced to unify response assessment 
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criteria (6). These criteria included important changes such as 
unidimensional tumor measurement, selection of target lesions with a 
minimum size, details concerning imaging modalities, and a new threshold 
for assignment of objective progression (7). RECIST, however, still relies 
on size change of lesions to assess response. For this reason the validity of 
RECIST has recently been questioned in view of the emergence of new 
anticancer therapies, because these therapies are based on stabilizing disease 
rather than causing tumor disappearance (8). Therefore, the early effects of 
these therapies would not be detected by RECIST and occasionally patients 
may not be considered to have exhibited a response despite the presence of 
tumor necrosis. 

 
This realization that anatomy may not change after locoregional 

therapies moved the focus toward new evaluation methods. These include 
assessment of tumor vascular and cellular integrity, motion of water 
molecules, and biochemical concentration. Vascular integrity is measured 
by the degree of extracellular contrast enhancement. The European 
Association for the Study of the Liver (EASL) has officially recommended 
the use of lesion enhancement on contrast-enhanced CT as the standard 
modality to determine treatment response of HCC after locoregional therapy 
(9). This change was also reflected in the national practice guideline 
released by the American Association for the Study of Liver Disease on the 
management of HCC in 2005 (10). Areas of tumor enhancement were 
considered viable whereas nonenhancing regions reflected tissue necrosis. 
The EASL also stated that tumor size measurements might not be accurate 
because these measurements would not take into account the true extent of 
tumor necrosis. 

 
Cellular integrity and motion of water molecules are represented by 

the apparent diffusion coefficient (ADC) that is measured by diffusion-
weighted MRI. Diffusion-weighted MRI and ADC values map the thermally 
induced motion of water molecules in tissues and thereby are able to 
provide insight into tumor microstructure (11). Viable tumors are high in 
cellularity. These cells have an intact cell membrane that restrict the 
mobility of water molecules and causes a low ADC value. Conversely, 
cellular necrosis causes increased membranous permeability, which allows 
water molecules to move freely and thus causes a marked increase in the 
ADC value. 

 
Biochemical concentration can be evaluated by the use of MR 

spectroscopy (1H MRS). 1H MRS has been used successfully in the 



INTRA-ARTERIAL TREATMENT OF PRIMARY AND METASTATIC LIVER TUMORS 

37 

diagnosis of tumors in the brain and breast and in the evaluation of 
chemotherapy (12-14). In the liver, 1H MRS has been proven useful in 
evaluating diffuse hepatic disease such as hepatic steatosis, chronic 
hepatitis, and cirrhosis (15). The role of 1H MRS in evaluating tumor 
response after locoregional therapies still has to be established. However, 
preliminary studies are promising, and show that hepatic choline levels may 
allow monitoring of therapeutic responses of HCC to TACE (16).  

 
MRI Technique 

 
Our current MRI protocol uses a 1.5-T MRI scanner (CV/i; GE 

Healthcare, Milwaukee, WI) and a phased-array torso coil. The technique 
consists of T2-weighted fast spin-echo images (matrix, 256 × 256; slice 
thickness, 8 mm; interslice gap, 2 mm; repetition time [TR]/ echo time [TE], 
5000/100 msec; receiver bandwidth, 32 kHz) and breath-hold diffusion-
weighted echoplanar images (matrix, 128 × 128; slice thickness, 8 mm; 
interslice gap, 2 mm; b value, 500 mm2/sec; TR/TE, 5000-6500/110 msec; 
receiver bandwidth, 64 kHz). 

 
The initial applications of diffusion-weighted MRI have been in brain 

imaging, mainly for the evaluation of acute ischemic stroke, intracranial 
tumors, and demyelinating disease (17, 18). In the brain diffusion gradients 
are measured multidirectional because the fiber tracks have different 
directionality of flow (19-22). The liver, however, has an isotropic diffusion 
pattern, probably because of its randomly organized structures. Therefore, 
the ADC is measured only in one direction (23). Higher b-values can reduce 
the effect of perfusion on the calculated ADC value. However, lower b-
values can lead to the underestimation of ADC values (24). In prior studies 
preformed for brain imaging high b-values of 1000 sec/mm2 were used. 
However, in our experience a b-value of 500 sec/mm2 had better signal-to-
noise compared with higher b-values. Therefore, in our institution a b-value 
of 500 sec/mm2 is used. 

 
The final component of our imaging protocol is breath-hold 

unenhanced and contrast-enhanced (0.1 mmol/kg intravenous gadodiamide 
[Omniscan; GE Healthcare, Princeton, NJ]) T1-weighted three-dimensional 
fat-suppressed spoiled gradient-echo images (field of view, 320-400 mm; 
matrix, 192 × 160; slice thickness, 4-6 mm TR/TE, 5.1/1.2 msec; receiver 
bandwidth, 64 kHz; flip angle, 15º). The contrast-enhanced images are 
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obtained in the arterial phase (20 seconds) and portal venous phase (60 
seconds). 

 
MRI after Tissue Ablation 

 
Tissue ablation can be performed by several techniques, either 

chemical (eg, ethanol ablation), thermal [eg, radiofrequency (RF), 
microwave and laser ablation], or cooling effect (eg, cryotherapy). These 
therapies require imaging for adequate targeting, monitoring the ablation 
process and for follow-up. Ultrasonography (US) is most often used as the 
primary guidance technique. CT and MRI are more commonly used to 
assess treatment response (25, 26). We will discuss the role of MRI in 
evaluating therapeutic response to the most widely accepted method of 
tissue ablation; radiofrequency ablation (RFA). 

 
RFA induces thermally mediated coagulation necrosis, resulting in 

cellular death, using heat and low-voltage alternating electrical current that 
is delivered to the tumor by means of an electrode. RFA can be applied 
percutaneously, laparoscopically, or at open surgery. Previous models of 
electrodes had several technological limitations that did not allow ablation 
in tumors larger than 3 cm. Modifications in these original designs, 
including hooked electrodes, internally cooled electrodes, pulsed techniques, 
multiple probes, multiple insertions, and more powerful generators have led 
to improved results (27, 28). It is critical for physicians to select the 
appropriate patient population, to improve results. It is generally accepted 
that the patient inclusion criteria for RFA are few (< 5), small (< 3 cm) 
lesions with no extrahepatic disease and near normal liver function (29, 30).  

 
After RFA, imaging is commonly used to assess for treatment 

response. In our institution, MRI is the modality of choice for follow-up of 
these lesions. There are several factors influencing treatment response, such 
as treatment approach, tumor size, tumor location, histologic type, and 
presence of confounding liver disease. Smaller lesions (< 3 cm) have better 
necrosis and have a lower recurrence rate than larger lesions. Metastases 
have a higher recurrence rate, presumably because of the presence of occult 
disease at the time of initial ablation. Underlying cirrhosis in patients with 
HCC causes larger ablations than would be expected in metastatic disease, 
because the cirrhotic liver functions as a thermal insulator promoting better 
thermal coagulation (31).  
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Adequately treated lesions are uniformly hypointense on T2-weighted 
images, probably because of dehydration and coagulative necrosis induced 
by tissue heating. Occasionally hyperintense foci may be seen on T2-
weighted images corresponding to an area of tissue loss filled by fibrin or 
hemorrhage. A tumor that has been completely treated no longer enhances 
on gadolinium-enhanced MRI. However, an enhancing rim may appear 
immediately after treatment, most likely because of reactive hyperemia 
representing an inflammation reaction to the thermal injury (32, 33). Most 
lesions demonstrate markedly heterogeneous signal intensity on T1-
weighted images caused by an uneven evolution of necrosis over time (34). 
Arteriovenous shunting caused by needle puncture or thermal damage may 
result in wedge-shaped enhancement on the arterial phase within the liver 
parenchyma in close proximity to the treated lesion (Fig 3.1). However, it is 
expected that perfusional abnormalities vanish by 30 days after the 
procedure. Ideally, on MRI, the size of the treated lesion exceeds the size of 
the lesion before treatment, indicating complete ablation of the tumor 
margin, including a safety margin. On subsequent follow-up, the lesion 
shows an involution of the coagulation site. Small necrotic areas may 
disappear completely. 

 
Residual or recurrent tumor manifests as a lesion with irregular and 

nondelineated contours and demonstrate moderately high signal on T2-
weighted images, with the same characteristics as on preinterventional 
imaging. Residual or recurrent tumor is often located within or at the 
periphery of the ablated lesion (35). This focus may not enhance in the first 
2 months after treatment. However, enhancement usually occurs on 
subsequent MRI. 
 
MRI after TACE 

 
Transarterial chemoembolization is the major transcatheter therapy for 

liver tumors. The technique of TACE consists of delivering high 
concentrations of chemotherapeutic agents emulsified in an oil-based 
medium directly to the tumor bed followed by some form of embolization. 
The purpose of the embolization is to reduce arterial inflow to prevent 
washout of the chemotherapeutic agents from the aqueous phase of the 
emulsion, as well as to increase contact time between tumor cells and the 
delivered chemotherapeutic agents. In addition, because arterial inflow is 
slowed down, high extraction of the chemotherapeutic agents by tumor cells 
occurs. These factors resolved in significantly reduced systemic toxicity that 
may result from treatment. Currently, various combinations of drugs have 
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been reported, with most agents coming from doxorubicin or cisplatin 
chemotherapy families. 

 
Assessment of tumor response after TACE on imaging is generally 

based on iodized oil deposition on unenhanced CT and tumor enhancement 
and tumor size on contrast enhanced CT or MRI. Unenhanced CT can 
demonstrate the presence of hyperattenuating iodized oil within the tumor. 
Good iodized oil retention is associated with prolonged median survival but 
does not indicate complete necrosis. Hyperattenuating iodized oil impairs 
the assessment of residual tumor enhancement on contrast enhanced CT. In 
contrast to CT, the high concentration of iodized oil after 
chemoembolization does not affect MR signal intensity. Contrast-enhanced 
MRI determines areas of tumor enhancement by using an extracellular 
contrast agent. Enhancing portions of the tumor are presumed to be viable, 
whereas nonenhancing portions are presumed to be necrotic. The 
disadvantage of contrast-enhanced MRI is the incapability to distinguish 
viable cells from reactive granulation tissue. Contrast-enhancement in 
granulation tissue is believed to be caused by increased capillary 
permeability and marked increase in the passive distribution of gadolinium 
(36). After TACE an enhancing rim can appear on contrast-enhanced MRI. 
This rim can correlate to either viable tumor as well as to reactive tissue. 

 
A recent imaging technique for assessment of tumor response is 

diffusion-weighted MRI (37). This imaging technique is used to detect the 
motion of water molecules. Initially diffusion-weighted MRI has been 
limited to the brain. With the advent of the ultrafast singleshot echoplanar 
imaging technique, diffusion-weighted MRI of the abdomen has become 
possible. 

 
We will discuss the MRI features of different tumors after TACE, 

including primary and metastatic liver tumors. The primary tumors we will 
discuss are HCC and cholangiocarcinoma. The metastatic tumors we will 
discuss are divided into hypovascular (metastatic breast cancer) and 
hypervascular (metastatic neuroendocrine cancer) metastases. 

 
HCC 

 
Hepatocellular carcinoma (HCC) is the fifth most common cancer in 

the world and represents more than 5% of all cancers (38). The majority of 
HCC patients (approx 75%) are not candidates for curative treatments either 
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because of poor liver function or the presence of advanced disease. These 
patients may be eligible for treatment with TACE. TACE achieves partial 
response in 15 to 55% of patients and significantly delays tumor progression 
and vascular invasion (39-42). Because of its impact on survival, it has 
become essential to accurately determine tumor response after therapy (37).  

 
For patients with HCC treated with TACE signal intensity on T1 and 

T2 weighted images varies. Hypointensity on T2 weighted images 
represents necrosis. Conversely, hyperintensity on T2 weighted images 
corresponds to residual tumor. However, this hyperintensity can also 
represent hemorrhage, liquefied necrosis or inflammatory infiltration. HCC 
is hypervascular and enhances rapidly at dynamic early phase scanning, and 
declines at the late phase. After TACE, on the arterial phase images, 
residual viable tumor is rapidly enhancing, either homogeneous or 
heterogeneous, whereas necrotic tumor is nonenhancing (43, 44). On portal 
venous phase images both viable tumor and inflammatory infiltration can 
cause persistent enhancement (Fig 3.2). After successful TACE diffusion-
weighted MRI shows an increase in ADC value, representing tumor 
necrosis. In prior studies we have demonstrated that mean tumor ADC 
increased after TACE by 20% (p = 0.026), whereas the ADC remained 
unchanged in nontumorous liver, spleen, and muscle (37).  
 
Cholangiocarcinoma 

 
Cholangiocarcinoma is a rare hepatic malignancy with an incidence of 

1 to 2 per 100,000 persons in the United States. Only approximately 30% of 
patients with cholangiocarcinoma are eligible for resection because of the 
advanced nature of the disease at the time of diagnosis. A previous study at 
our institution showed that TACE provided an effective therapeutic option 
for patients with unresectable intrahepatic cholangiocarcinoma, with a 
median survival of 23 months (45). Cholangiocarcinomas are commonly 
described as hypovascular tumors. After TACE, necrosis is represented as 
dark on T1 with a central-area void of contrast enhancement on gadolinium-
enhanced perfusion MRI and increased signal on diffusion MR sequences 
reflecting cell death. 

 
Hypovascular Liver Metastases: Metastatic Breast Cancer 

 
In the Western World breast cancer is the most common cancer in 

women and in this group it is the second leading cause of cancer death (46). 
The liver is the most common site of intra-abdominal metastatic disease, 
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with metastases to the liver occurring in up to 20% of the patients (47). 
Metastatic breast cancer is essentially incurable and TACE has become 
more commonly used as a treatment (48). Before TACE most lesions are 
hypointense on T1 and after TACE they generally remain hypointense. 
According to preliminary data from our group, on gadolinium-enhanced 
MRI, overall tumor enhancement in the arterial and portal venous phases 
decreases significantly after TACE by 32% and 39%, respectively (p < 
0.0001) (Fig 3.3). Diffusion MRI is also useful in monitoring response after 
treatment. Mean tumor ADC increases by 27% (p < 0.0001) after successful 
TACE, whereas the ADC remains unchanged in nontumorous liver, spleen, 
and muscle. 
 
Hypervascular Liver Metastases: Metastatic Neuroendocrine Tumors 

 
Neuroendocrine tumors (NET) are rare neoplasms with an incidence 

of 1 to 4 cases per 100,000 people per year (49). These heterogeneous 
tumors may originate from the pancreas (pancreatic endocrine tumors) or 
the gastrointestinal tract (carcinoids) (50). Hepatic metastases in patients 
with NET are frequent (25-90%) and despite their slow growth, their 
presence influences prognosis significantly (51, 52). Surgery is considered 
the first line therapy for patients with liver metastases from NET, but 
potential curative resection is possible for only 10% of patients, because of 
the diffuse pattern of hepatic metastases at the time of diagnosis (53). 
Moreover, systemic chemotherapy in patients with diffuse and/or 
progressive liver metastases yields disappointing results especially in 
patients with metastases from midgut origin. 

 
Treatment of hepatic metastases of NETs with TACE seems to be an 

attractive palliative option, because of their slowly growing and localized 
hypervascular pattern. Multiple studies have demonstrated the effectiveness 
of TACE for hepatic metastases of NETs in achieving hormone symptoms 
control and reduction of tumor growth (54-57). In most previous reports, 
tumor response to treatment has been measured by contrast enhanced CT or 
MRI (55, 57). In a study of 66 lesions in 26 patients with hepatic metastases 
from NET we have reported the functional MRI findings after TACE. Mean 
tumor diameter before treatment was 5.5 cm and decreased to 4.5 cm after 
treatment. Even though the decrease in tumor size was statistically 
significant (p < 0.0001), the size change was small (18%), and did not fulfill 
the RECIST criteria for partial response. We have also reported significant 
decrease in tumor arterial and venous enhancement after TACE. This is 
particularly important because these tumors are hypervascular and TACE 
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results in occlusion of the blood flow to the tumor vasculature. Mean 
pretreatment tumor enhancement in the arterial phase was 61% and 
decreased to 31% after treatment (p < 0.0001). Mean pretreatment tumor 
enhancement in the portal venous phase was 82% and decreased to 43% 
after treatment (p < 0.0001). We have also reported a significant increase in 
tumor ADC value from 1.5 x 10-3 mm2/sec before treatment to 1.8 x 10-3 
mm2/sec after treatment (p < 0.0001), indicating marked cellular necrosis in 
response to therapy. 

 
MRI after Radioembolization with Yttrium-90 Microspheres 

 
The use of whole-liver external beam radiotherapy has limited 

applicability, because the liver parenchyma is radiation-sensitive and 
therefore there is a high risk of radiation induced liver disease, a clinical 
syndrome of anicteric hepatomegaly, ascites, and increased liver enzymes 
occurring weeks to months after therapy. Radioembolization delivers 
internal radiation to liver lesions via catheter directed intra-arterial 
administration of Yttrium-90 embedded microspheres (58). The intention is 
to deliver a higher dose of radiation selectively to the tumor, thereby sparing 
normal liver parenchyma (59, 60). Lobar, segmental and subsegmental 
treatment can be performed. A lung scan using technetium-99m 
macroaggregated albumin is performed before treatment, to determine the 
pulmonary shunting. A shunt of 20% or less is usually acceptable (61).  

 
Assessment of tumor response after treatment with Yttrium-90 

microspheres is necessary in determining future therapeutic strategies. 
Change in tumor size and enhancement on CT and MRI according to 
RECIST and EASL are the accepted criteria for assessing tumor response. 
These criteria may also be useful in the evaluation of locoregional treatment 
with theraspheres. Some studies suggested that decrease in tumor 
enhancement is associated with a favorable response to therapy with 
Yttrium-90 microspheres (62). Preliminary data from our group showed a 
mean decrease in arterial enhancement of 22% (P = 0.013) and a mean 
decrease in venous enhancement of 25% (p = 0.012) in patients with HCC 
treated with Yttrium-90 microspheres (Fig 3.4). 
 

Diffusion MRI has been successfully utilized to assess early tumor 
response after chemotherapy and radiation therapy. So far only one report 
suggested diffusion-weighted MRI is a promising technique for evaluating 
early tumor response after radioembolization, with a significantly increased 
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ADC of 65% (p = 0.004) after therapy (62). Preliminary data from our 
group showed an increase in ADC value of 13% (p = 0.02). 
 

SUMMARY 
 

MRI plays an important role in the follow-up of patients after 
locoregional therapy for hepatic neoplasms. We discussed the use of 
RECIST and EASL in the assessment of treatment response. We also 
presented the MRI findings after RFA, TACE, and radioembolization, 
including ADC mapping. 
 

TABLES & FIGURES  
 

 
 
Figure 3.1 Changes on MR imaging after RF ablation of HCC.  
(A) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) shows a mass in the left lobe of the 
liver (arrow). Notice that the lesion has near 100% enhancement.  
(B) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) after RF shows significant 
decrease (75%) in enhancement. Minimal residual enhancement persists in the periphery 
(arrow) suggesting residual tumor. Notice wedge-shaped enhancement in close proximity to 
the treated lesion (arrowhead) due to needle puncture. 
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Figure 3.2 Changes on MR imaging after TACE of HCC.  
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(A) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) shows a large enhancing mass in 
the right lobe of the liver. (B) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) after 
TACE shows that the mass is almost completely avascular. Minimal residual enhancement 
persists in the periphery. Notice that the mass did not decrease in size.  
(C) Diffusion-weighted image (TR/TE, 6500/110 msec) before TACE shows the mass to be 
slightly hyperintense (arrow), with low ADC value. (D) Diffusion-weighted image (TR/TE, 
6500/110 msec) after TACE shows continued increase in signal intensity of the mass 
(arrow). The ADC value increased, confirming increasing cellular necrosis.  
(E) Unenhanced CT of the abdomen following TACE of the right lobe. Notice intense 
deposition of iodized oil within the targeted mass. 
 

 
 
Figure 3.3 Changes on MR imaging after TACE of breast cancer metastases.  
(A) Gadolinium-enhanced image (TR/TE, 5.1 msec/1.2 msec) shows a large central 
enhancing hepatic mass.  
(B) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) after TACE shows moderate (50%) 
decrease in enhancement. Notice that the mass has slightly decreased in size.  
(C) Unenhanced CT of the abdomen following TACE. Notice intense deposition of iodized 
oil around the mass, with minimal iodized oil within it. 
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Figure 3.4 Changes on MR imaging after Yttrium-90 microspheres of HCC.  
(A) Gadolinium-enhanced image (TR/TE, 5.1 msec/1.2 msec) shows a large enhancing 
mass in the dome of the liver (arrow).  
(B) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) after Yttrium-90 microspheres 
shows significant decrease in enhancement. Notice that the mass did not change in size. 
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ABSTRACT 
 
PURPOSE:  
To assess the value of functional magnetic resonance (MR) imaging in the 
evaluation of early tumor response after transarterial chemoembolization 
(TACE) for metastatic breast cancer and to compare tumor response based 
on functional MR imaging versus traditional assessment based on iodized 
oil deposition, tumor size, and tumor enhancement. 
 
MATERIALS AND METHODS: 
For 14 patients with metastatic breast cancer, MR imaging studies before 
and after TACE were evaluated. Diffusion and contrast medium–enhanced 
MR imaging was performed on a 1.5-T unit. Parameters evaluated included 
change in tumor size, enhancement, and apparent diffusion coefficient 
(ADC) values. Median survival was also calculated in the entire cohort. 
 
RESULTS: 
A total number of 27 lesions were evaluated, with a mean diameter of 5.5 
cm. Although mean tumor size decreased by 18% after treatment, no tumors 
met the Response Evaluation Criteria In Solid Tumors (RECIST) for 
complete response (ie, complete disappearance of target lesions) and only 
seven of 27 met RECIST for partial response (ie, >30% decrease in target 
lesion size). After treatment, decrease of tumor enhancement in the arterial 
(32%) and portal venous (39%) phases was statistically significant (p < 
0.0001). Mean tumor ADC increased by 27% (p < 0.0001) after TACE, 
whereas ADC remained unchanged in nontumorous liver, spleen, and 
kidney. Median survival was 25 months for the entire cohort. 
 
CONCLUSION: 
In patients with breast cancer and liver metastases who were treated with 
TACE, although changes in tumor size were small, significant early changes 
in the treated lesions occurred on contrast medium–enhanced and 
functional MR imaging. These include decrease in tumor enhancement and 
increase in tumor ADC value, which suggest increasing tumor necrosis and 
cell death. 
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INTRODUCTION 
 

In the Western world, breast cancer is the most common cancer in 
women, and in this group it is the second leading cause of cancer death 
(after lung cancer) (1). Every year one to two women in every 1000 will be 
newly diagnosed with breast cancer. In 2006, 212,920 new cases of invasive 
breast cancer (stages I–IV) were estimated to have occurred among women 
in the United States (1). The mortality rate from breast cancer decreased 
approximately 2.3% per year from 1990 through 2001, in large part because 
of increased awareness, earlier detection, and more effective treatments (2). 
Nonetheless, it was estimated that 40,970 women in the US would die of 
breast cancer in 2006 (1). 

 
The majority of breast cancer–related deaths are a result of 

complications from recurrent or metastatic disease. Approximately 50% of 
all patients develop metastatic disease (3). Metastatic breast cancer is 
uncommon at initial presentation, occurring in only approximately 6% of 
newly diagnosed cases (4). The liver is the most common site of 
intraabdominal metastatic disease, with metastases to the liver occurring in 
as many as 20% of patients (5, 6). Median survival time after the occurrence 
of liver metastases is poor, and ranges between 1 and 20 months (7, 8). 

 
Metastatic breast cancer remains essentially incurable, and current 

goals of therapy are to ameliorate symptoms, delay tumor proliferation, 
improve or at least maintain quality of life, and increase overall survival (9). 
Various treatment options for metastatic breast cancer exist, including 
chemotherapy, hormone therapy, biologic therapy, and surgery. Metastatic 
breast cancer is generally considered to be a disseminated disease that 
requires systemic rather than local therapy. Nevertheless, a substantial 
number of patients have unresectable disease confined to the liver (10). As a 
result, transarterial chemoembolization (TACE) has become more 
commonly used as a treatment for liver metastases in metastatic breast 
cancer (11). 

 
Several imaging procedures including ultrasonography, computed 

tomography (CT), and magnetic resonance (MR) imaging are commonly 
used to follow the size of breast cancer metastases over time and to 
determine the degree of response. Recently, some studies suggested that 
[18F] fluorodeoxyglucose positron emission tomography can be useful in the 
quantitative assessment of the response to therapy of breast cancer 
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metastases (12-15). However, in our institution, MR imaging is the modality 
that is routinely used to assess treatment response of metastatic breast 
cancer after TACE. 

 
Monitoring the effectiveness of TACE by imaging is important in 

determining treatment success and in guiding future therapy. Unenhanced 
CT can be used to confirm the technical success of chemoembolization by 
demonstrating the presence of hyperattenuating iodized oil (Lipiodol; 
Savage Laboratories, Melville, NY) within the tumor. However, to date, 
imaging modalities and imaging response criteria have been limited in their 
ability to provide clinically satisfactory information about the extent of 
tumor necrosis. The traditional and accepted criteria to determine tumor 
response in oncology, namely the World Health Organization criteria and 
Response Evaluation Criteria in Solid Tumors (RECIST), use decrease in 
tumor size as an indicator of successful therapy (16). However, tumor size 
may not change after locoregional therapy. More recently, the European 
Association for the Study of the Liver (EASL) has officially recommended 
the use of lesion enhancement as the standard modality to determine 
treatment response of hepatocellular carcinoma after locoregional therapy 
(17). 

 
In recent years, the apparent diffusion coefficient (ADC), as measured 

by diffusion MR imaging, has become a promising surrogate marker of 
tumor response to therapy. ADC measures the mobility of water in tissues. 
Viable tumor cells restrict the mobility of water, whereas necrotic tumor 
cells allow increased diffusion of water molecules as a result of decreased 
cellularity and compromised cell membrane integrity. Diffusion MR 
imaging has been used to assess tumor response after chemotherapy and 
radiation therapy (18-21). Based on these studies, we hypothesized that 
contrast medium–enhanced and diffusion MR imaging could determine 
cellular necrosis and may therefore be more appropriate than the application 
of RECIST in providing information about early tumor response after 
TACE. Hence, the purposes of our study were (i) to assess the value of 
functional MR imaging in the evaluation of early tumor response after 
TACE for metastatic breast cancer and (ii) to compare tumor response based 
on functional MR imaging versus traditional imaging assessment with 
RECIST, which is based on tumor size, and EASL, which is based on tumor 
enhancement. 
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MATERIALS AND METHODS 
 

Patients  
 
Between January 1, 2002, and March 31, 2006, the care of 16 patients 

with metastatic breast cancer who received one or more cycles of TACE 
was discussed in the liver tumor board at our institution. Criteria for 
performing TACE included confirmed diagnosis of unresectable metastatic 
breast cancer in patients with or without minimally impaired liver function. 
Patients excluded from receiving TACE were those with an Eastern 
Cooperative Oncology Group performance status greater than 2, 
encephalopathy, severe variceal bleeding and/or severe ascites, significant 
thrombocytopenia, prolonged impaired renal function, acute renal failure 
(ie, an abrupt increase in serum creatinine level of ≥50% with respect to the 
baseline level or an absolute increase in the serum creatinine concentration 
of ≥ 0.5 mg/dL to a level > 1.5 mg/dL), or severe liver failure (ie, advanced 
Child-Pugh class C). Our study group included all patients treated with 
chemoembolization who had contrast medium–enhanced and diffusion-
weighted MR imaging before and after treatment. Review of our database 
identified 16 patients, of whom 14 fulfilled our criteria. The two remaining 
patients did not have MR imaging after TACE and were excluded. 
Diagnosis of metastatic breast cancer was confirmed by biopsy of liver 
metastases in all patients. Data were collected prospectively and the study 
was authorized by the institutional review board. 

 
Chemoembolization Technique  

 
All chemoembolization procedures were performed by a single 

experienced interventional radiologist according to the same technique. An 
18-gauge, single-wall needle was used to access the right common femoral 
artery with the Seldinger technique. A 5-F vascular sheath was placed into 
the right common femoral artery over a 0.035-inch Glidewire (Terumo 
Medical, Somerset, NJ) under fluoroscopic guidance and a 5-F Glide 
Simmons-1 catheter (Cordis, Miami, FL) was advanced into the aortic arch, 
formed, and then used to select the celiac axis. Over the guide wire, the 
catheter was advanced into the desired hepatic artery branch, depending on 
the tumor location. Selective catheterization was performed to achieve lobar 
or segmental embolization based on the targeted lesions. A solution 
containing 100 mg of cisplatin (Platinol; Bristol-Myers Squibb, Princeton, 
NJ), 50 mg of doxorubicin (Adriamycin; Pharmacia Upjohn, Kalamazoo, 
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MI), and 10 mg of mitomycin C (Mutamycin C; Bedford Laboratories, 
Bedford, OH) in a 1:1 mixture with iodized oil was injected, followed by 
infusion of Embosphere particles (Biosphere Medical, Rockland, MA) until 
stasis was achieved. 

 
CT Technique  

 
Within 1 day after chemoembolization, all patients underwent 

unenhanced helical CT imaging with use of a Sensation 16 scanner 
(Siemens Medical Solutions, Malvern, PA). Scanning parameters were 120 
kVp, 210 mA, 5-mm section collimation, and 5-mm image reconstruction. 
Technical success of the procedure was demonstrated by the focal 
deposition of iodized oil in the targeted segment or lobe of the liver. 

 
MRI Technique  

 
Patients underwent imaging with use of a 1.5-T MRI scanner (CV/i; 

GE Healthcare, Milwaukee, WI) and a phased-array torso coil. Imaging 
protocol included T2-weighted fast spin-echo images (matrix, 256 × 256; 
slice thickness, 8 mm; interslice gap, 2 mm; repetition time [TR]/ echo time 
[TE], 5000/100 msec; receiver bandwidth, 32 kHz), breath-hold diffusion-
weighted echoplanar images (matrix, 128 × 128; slice thickness, 8 mm; 
interslice gap, 2 mm; b value, 500 mm2/sec; TR/TE, 5000-6500/110 msec; 
receiver bandwidth, 32 kHz), and breath-hold unenhanced and contrast-
enhanced (0.1 mmol/kg intravenous gadodiamide [Omniscan; GE 
Healthcare, Princeton, NJ]) T1-weighted three-dimensional fat-suppressed 
spoiled gradient-echo images (field of view, 320-400 mm; matrix, 192 × 
160; slice thickness, 4-6 mm TR/TE, 5.1/1.2 msec; receiver bandwidth, 64 
kHz; flip angle, 15º) in the arterial phase (20 seconds) and portal venous 
phase (60 seconds). 

 
Follow-up  

 
According to protocol, patients received contrast medium–enhanced 

and diffusion MR imaging 4–6 weeks after TACE to assess tumor response. 
Patients with near-complete tumor necrosis were followed up by imaging 
every 6–8 weeks. Patients with residual enhancement and maintained 
clinical performance status received additional TACE treatment(s). 
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Image Analysis  
 
MR image processing and ADC maps were generated with use of a 

commercially available workstation (Advantage; GE Healthcare, 
Milwaukee, WI). Images were interpreted by consensus of two experienced 
MR radiologists. Parameters evaluated included change in tumor size, 
enhancement, and ADC values as measured on axial planes. For patients 
with more than one TACE cycle, the MR study performed after the last 
cycle was used for comparison. All target lesions of 2 cm or larger on the 
largest axial diameter were evaluated, with a maximum of three lesions per 
patient to ensure independent sampling. The maximum diameter of the 
targeted lesions was measured by electronic calipers as proposed by 
RECIST. Areas of tumor enhancement were considered viable and areas of 
nonenhancement were considered necrotic, as suggested by the European 
Association for the Study of the Liver (EASL) (17). Percent enhancement 
was based on enhancement seen on the axial portal venous phase image with 
the largest tumor size. ADC maps were generated from the diffusion-
weighted images, and values were recorded by placing a region of interest 
over the entire treated mass as seen on the image with the largest lesion size. 
ADC maps of normal-appearing liver (in the nonembolized parenchyma), 
spleen, and muscle were generated. Percentage of iodized oil deposition on 
CT was also recorded. In patients who had received multiple iodized oil 
treatments, the maximum iodized oil retention in the target lesions was 
recorded. 

 
Statistical Analysis  

 
Statistical analysis was performed with Stata software package 

(Version 8; Stata, College Station, TX). A paired t test was used to compare 
parameters used to assess tumor response before and after TACE. These 
included tumor size, enhancement, and ADC before and after TACE. A 
paired t test was also used to compare ADC values of the liver, spleen, and 
muscle before and after treatment. Median survival was calculated in the 
entire cohort from the date of presentation with liver metastases until death 
from any cause, and surviving patients were censored at the date of analysis. 
A Kaplan-Meier survival curve was generated. P values < 0.05 were 
considered to indicate statistical significance. 
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RESULTS 
 
Demographic Information  

 
General information for all 14 patients evaluated is shown in Table 

4.1. The average number of chemoembolization procedures per patient was 
two (range, 1–3). The average duration between pre- and postprocedural 
MR imaging was 60 days ± 32 (SD). MR imaging was performed within 4 
days ± 5 before TACE. Mean duration between the last TACE treatment and 
follow up MR imaging was 54 days ± 33.  

 
A total of 27 lesions were evaluated. The mean evaluated number of 

lesions per patient was two (range, 1–3). Mean maximum iodized oil 
retention on CT was 36% (range, 0%–100%); most of the oil was deposited 
around the lesions. 

 
Assessment of Change in MR Imaging Parameters after TACE  

 
On gadolinium-enhanced MR imaging, overall tumor enhancement in 

the arterial and portal venous phases decreased significantly after TACE 
(Table 4.2, Table 4.3).  
 

Arterial enhancement decreased after TACE by 32%, and the decrease 
was statistically significant (p < 0.0001). Similarly, venous enhancement 
decreased by 39%, which was also significant (p < 0.0001). Diffusion MR 
imaging was also useful in monitoring response after treatment. Mean tumor 
ADC increased after TACE by 27% (p < 0.0001), whereas the ADC 
remained unchanged in nontumorous liver, spleen, and muscle (Table 4.2; 
Fig 4.1).  
 

Although mean tumor size decreased from 5.5 cm to 4.5 cm (18%) 
after TACE, it did not meet RECIST for complete response (ie, 
disappearance of all measurable disease). Seven of the 27 lesions had a 
decrease of more than 30% in tumor size, which meets the RECIST of 
partial response. Based on these results according to RECIST, on a lesion-
by-lesion basis, 26% of the reviewed lesions were considered to have shown 
a partial response to TACE; however, on a patient by patient basis, all 
patients in our cohort were considered nonresponders to TACE because the 
total tumor burden did not decrease by 30% in any given patient.  
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Patient Survival  
 
Median survival was 25 months for the entire cohort. Survival rates at 

1, 2, and 3 years were 79%, 52%, and 35%, respectively. These survival 
times are significantly longer than those previously reported for patients 
treated with systemic chemotherapy, which range between 14 and 16 
months (6, 22). 
 

DISCUSSION  
 

Metastatic breast cancer is generally considered a widespread disease 
with a poor prognosis. Locoregional therapy, particularly TACE in carefully 
selected patients, may result in improved patient survival. Although the 
impact on survival is difficult to evaluate because of the absence of 
randomized trials, retrospective studies of TACE for metastatic breast 
cancer are promising (11, 23). 

 
In the clinical setting, it is critical to assess tumor response, especially 

shortly after treatment, because early favorable response generally indicates 
effectiveness of therapy (18). The objective of the present study was to 
compare traditional imaging assessments (which are based on iodized oil 
deposition, tumor enhancement, and tumor size) with diffusion MR imaging 
in the evaluation of early tumor response after TACE for metastatic breast 
cancer. Our results suggest that diffusion and contrast medium–enhanced 
MR imaging may be used to detect early tumor necrosis before reduction in 
tumor size occurs. 

 
Intense accumulation of iodized oil within tumors after TACE has 

been reported to correlate well with complete tumor necrosis and survival in 
patients with hepatocellular carcinoma. In contrast, inhomogeneous or poor 
retention of iodized oil has been shown to indicate persistent tumor viability 
(24-26). The question remains whether this correlation also exists in patients 
with metastatic breast cancer. In this study, tumors had very poor retention 
of oil, likely because they were hypovascular. Most of the oil was deposited 
around the lesions and not within them. It has been suggested that patients 
with hepatocellular carcinoma who exhibited persistent iodized oil retention 
for at least 6 months within the tumor had a higher probability of survival 
than patients who exhibited a lower rate of iodized oil retention (27, 28). In 
our experience, the main use of noncontrast CT was to determine the 
technical success of TACE by verifying adequate tumor targeting. In the 
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current study, the mean maximum iodized oil deposition was only 36% 
immediately after TACE, which had a poor correlation with diffusion and 
ADC (R = 0.233). Therefore, the amount of iodized oil deposition alone 
could not be used as a consistent predictor of tumor response after 
treatment. 

 
Contrast agent–enhanced MR imaging determines areas of tumor 

enhancement with the use of extracellular contrast agents (29-31). 
Enhancing portions of the tumor are presumed to be viable, whereas 
nonenhancing portions are presumed to be necrotic. The disadvantage of 
contrast medium–enhanced MR imaging is the incapability to distinguish 
viable cells from reactive granulation tissue. Contrast medium enhancement 
in granulation tissue is believed to be caused by increased capillary 
permeability and marked increase in the passive distribution of gadolinium 
(32). TACE does not typically cause an intense reaction at the tumor 
periphery, but enhancing granulation tissue remains a potential confounding 
factor. In our study, we found a significant decrease in enhancement after 
TACE, which suggests that early enhancement can be used as a predictor of 
tumor response. 

 
Standardized criteria for the measurement of therapeutic response 

were established in 1981 by the World Health Organization and have been 
modified several times. In 2000, RECIST was introduced to unify response 
assessment criteria (16). However, RECIST still relies on size change of 
lesions to assess response. For this reason, the validity of RECIST has 
recently been questioned in view of the emergence of new anticancer 
therapies, as these therapies are based on stabilizing disease rather than 
causing tumor disappearance (18). Therefore, the early effects of these 
therapies would not be detected by RECIST and patients would not be 
considered to have exhibited a response. In some institutions, metabolic 
monitoring of cancer chemotherapy is applied with the use of sequential 
quantitative positron emission tomographic scans of tumor glucose 
metabolism with the glucose analogue [18F] fluorodeoxyglucose (12-15). 
This imaging technique has been useful in evaluating tumor response in 
patients with metastatic breast cancer. However, we use MR imaging at our 
institution, and therefore the aim of the present study was to explore new 
MR techniques to assess tumor response. 

 
Similar observations to those in the literature were made in the current 

study after TACE. According to RECIST, only seven of the 27 lesions 
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treated with TACE exhibited partial response despite an 18% decrease in 
tumor size during the follow-up period of this study. These results point out 
the disconnect that exists between lack of contrast enhancement, increase in 
ADC value, and decrease in tumor size. To emphasize the importance of 
measuring response adequately, the EASL has officially recommended the 
use of lesion enhancement on contrast medium–enhanced CT as the 
standard modality to determine treatment response after locoregional 
therapy (17). Areas of tumor enhancement were considered viable whereas 
nonenhancing regions reflected tissue necrosis (33, 34). The EASL also 
stated that tumor size measurements might not be accurate because these 
measurements would not take into account the true extent of tumor necrosis. 
Our results are in line with these recommendations. 

 
Diffusion-weighted MR imaging and ADC values map the mobility of 

water molecules in tissues and thereby are able to provide insight into tumor 
microstructure. Viable tumors consist of a high amount of cells with an 
intact cell membrane. These cell membranes restrict the mobility of water 
molecules, which causes a low ADC value. Conversely, cellular necrosis 
causes increased membranous permeability, which allows water molecules 
to move freely and thereby causes a marked increase in the ADC value. 
Because of these characteristics, the imaging techniques described herein 
are able to detect early cellular necrosis and apoptosis before size regression 
(35, 36). Diffusion-weighted MR imaging has been successfully used to 
assess response to radiation or systemic chemotherapy in patients with brain 
and breast cancers (36, 37). These results reinforce the notion that diffusion-
weighted MR imaging is useful in the assessment of tumor response. In 
addition, ADC values add a quantifiable measure of tumor cell death by 
directly reporting the state of water diffusion within the tumor, which is 
especially valuable because of the wide spectrum of histopathologic 
findings after TACE, ranging from total viability to complete necrosis (38-
40). 

 
In our patient group, Kaplan-Meier analysis revealed a median patient 

survival time of 25 months for the entire cohort. This is significantly longer 
than that for untreated patients and for patients treated with only systemic 
chemotherapy, in whom the reported median survival times are less than 6 
months and 14–16 months, respectively (6, 22). Our results suggest that 
tumor response by imaging is a valid positive prognostic indicator of 
survival. Early response imaging may also influence toxicities caused by 
treatment because early response shown on imaging may restrict the number 
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of treatments. This results in preservation of functioning healthy liver tissue, 
which may contribute to prolonged survival. 

 
This study has several limitations. First, our patient population was 

relatively small, so further studies with a larger sample size are needed to 
confirm our conclusions. A second limitation includes possible selection 
bias, as only patients with MR imaging before and after treatment were 
included in our study. Another limitation is the lack of histopathologic 
correlation of the lesions after chemoembolization. We could not obtain 
histologic correlation in this study for obvious ethical reasons. The mean 
follow-up interval in this study was 60 days. It is possible that, with more 
extended follow-up, tumors treated with TACE may be seen to decrease in 
size to a degree that would satisfy RECIST. However, the aim of this study 
was to show an early response, which is more useful in the clinical setting. 
This is essential to establish the need for repeat treatment. 

 
In conclusion, contrast medium–enhanced and diffusion-weighted MR 

imaging could potentially be used to predict the degree of tumor necrosis 
after TACE. The functional information provided by the ADC maps and 
contrast medium enhancement may improve response evaluation, which 
currently is based only on size change. In addition, these MR imaging 
techniques are quantitative and may be subject to statistical testing 
individually and in combination to ascertain their utility in the assessment of 
tumor necrosis. Accurate assessment of early treatment response is 
necessary to guide future therapy and is likely to have survival benefit in 
patients who exhibit a favorable response to therapy. 
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TABLES & FIGURES  
 

  
Characteristic 

 
Value 

   

 No. of patients 14 

 Mean age, y (range) 57 (41-81) 

 Sex (M/F) 0/14 

 Child-Pugh class  

 A 12 

 B 2 

 C 0 

 Other metastatic sites 7 

 Chemotherapy before TACE 13 

 Type of previous chemotherapy  

 Taxanes 2 

 Anthracyclines 2 

 Both 5 

 Other 4 

 Number of lesions  

 < 10 3 

 10-50 5 

 > 50 6 

 Mean size of targeted lesion,  5.5 (1.9-16.6) 

 mm (range)  

 
Table 4.1 Patient Characteristics, general information for all 14 patients evaluated. 
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Features 
 

Before TACE 
 

After TACE 
 

Change (%) 
 

P Value* 

      

 Size of mass (cm) 5.5 ± 3.6 4.5 ± 3.3 18 0.002 

 Enhancement of mass (%)     

 Arterial 42 ± 34 10 ± 16 32 <0.0001 

 Venous 60 ± 33 21 ± 26 39 <0.0001 

 ADC (x 10-3 mm2/sec)     

 Mass 1.81 ± 0.52 2.29 ± 0.61 27 <0.0001 

 Liver 1.89 ± 0.43 1.82 ± 0.39 4 0.388 

 Spleen 1.08 ± 0.26 1.21 ± 0.32 12 0.073 

 Muscle 1.53 ± 0.51 1.77 ± 0.024 16 0.072 

 
Table 4.2 Changes in tumor size, enhancement, and ADC value after TACE. 
Note.— Values presented as means ± SD unless specified otherwise. 
* Paired t test. 
 
 
  

Tumor Feature 
Findings in Current 

Study 
 

RECIST 
 

EASL 

     

 Size Small decrease 
(18%) 

Requires 30% 
decrease for 
responders 

NA 

 Arterial enhancement Decreased (32%) NA NA 

 Venous enhancement Decreased (39%) NA Unspecified decrease in 
enhancement 

 ADC value Increased (27%) NA NA 

 
Table 4.3 Comparison of study results with currently accepted criteria 
Note.— NA = not applicable. 
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Figure 4.1 Changes in enhancement and ADC value after TACE.  
(A) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) shows multiple liver metastases. 
Notice that most lesions have near 100% enhancement.  
(B) Diffusion-weighted image (TR/TE, 6500/110 msec) shows multiple hyperintense 
masses (arrow). The ADC values were 1.29 × 10−3 and 1.33 × 10−3 mm2/sec for the two 
lesions in the right lobe (arrows).  
(C) Nonenhanced CT of the abdomen after TACE of the right lobe. Notice intense 
deposition of iodized oil around the two right-lobe lesions (arrows) with minimal iodized 
oil within the lesions.  
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(D) Gadolinium-enhanced image (TR/TE, 5.1/1.2 msec) after TACE shows significant 
decrease (75%) in enhancement. Minimal residual enhancement persists in the periphery 
(arrows). Notice that the lesions have only minimally decreased in size.  
(E) Diffusion-weighted image (TR/TE, 6,500/110 msec) after TACE shows continued 
increase in signal intensity of the lesions (arrows). The ADC values were 1.81 × 10−3 and 
1.83 × 10−3 mm2/sec for the two lesions in the right lobe, confirming increasing cellular 
necrosis. 
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ABSTRACT 
 
OBJECTIVE:  
The purpose of this study was to evaluate contrast-enhanced and diffusion-
weighted MRI changes in neuroendocrine tumors treated with transcatheter 
arterial chemoembolization (TACE). 
 
MATERIALS AND METHODS: 
Sixty-six targeted lesions in 26 patients (18 men, eight women; mean age, 57 
years) with hepatic metastasis of neuroendocrine tumors treated with TACE 
were retrospectively analyzed. MRI studies were performed before and after 
TACE. Imaging features included tumor size, percentage of enhancement in 
the arterial and portal venous phases, and diffusion-weighted imaging 
apparent diffusion coefficients (ADCs) of the tumor, liver, and spleen. 
Tumor response to treatment was recorded according to World Health 
Organization criteria and Response Evaluation Criteria in Solid Tumors. 
Liver function tests were performed, and clinical performance was assessed 
before and after treatment. Statistical analysis included paired Student's t 
tests and Kaplan-Meier survival curves.  
 
RESULTS: 
Mean tumor size and percentage enhancement in the arterial and portal 
venous phases decreased significantly after treatment (p < 0.0001). The 
tumor ADC increased from 1.51 x 10-3 mm2/sec before treatment to 1.79 x 
10-3 mm2/sec after treatment (p < 0.0001), but the ADCs for the liver and 
spleen remained unchanged. Despite the change in tumor size, no patient in 
this cohort achieved complete response according to World Health 
Organization criteria and Response Evaluation Criteria in Solid Tumors. 
Partial response was achieved in only 27% and 23% of the patients 
according to the respective criteria. Results of liver function tests and 
performance status also remained unchanged. The mean survival period for 
all patients was 78 months.  
 
CONCLUSION: 
Contrast-enhanced and diffusion-weighted imaging showed significant 
changes after TACE of neuroendocrine tumors and can be used to assess 
response of targeted tumors.  
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INTRODUCTION 
  

Neuroendocrine tumors (NETs) are a heterogeneous group of rare 
neoplasms with a typically indolent natural history (1, 2). Hepatic metastasis 

is frequent (25-90% of cases) in patients with NET, and despite the slow 
growth of the lesions, their presence substantially influences prognosis (3, 
4). Surgical resection is considered the first-line treatment of patients with 
hepatic metastasis of NET. However, resection for cure is possible in only 
10% of patients because of the diffuse pattern of distribution of hepatic 
metastatic lesions at diagnosis (5, 6). Systemic chemotherapy in patients 
with diffuse or progressive hepatic metastasis yields disappointing results, 
especially in patients with metastasis of midgut origin. Hormonal therapy 
has been used as a first- or second-line option, especially in combination 
with cytoreductive surgery. In patients with carcinoid syndrome, however, 
the efficacy of somatostatin analogues decreases over time because of 
disease progression and development of tachyphylaxis (7). Among the 

various palliative options in the management of metastatic NET, 

transcatheter arterial chemoembolization (TACE) has been shown to be 
effective in controlling hormonal symptoms and tumor growth (8-11).  

 
Response assessment in solid tumors is established with imaging for 

measurement of tumor size according to the modified World Health 
Organization (WHO) or the Response Evaluation Criteria in Solid Tumors 
(RECIST) guidelines (12, 13). TACE has been shown to decrease tumor 
size, but despite favorable clinical outcome, many responses do not qualify 
as complete according to the WHO and RECIST guidelines (14). Moreover, 
a cyst-like appearance of lesions after TACE, indicating response to 
treatment without alteration in size, is possible (15). Therefore, a decrease in 
functional tumor burden with TACE cannot be fully assessed with the 
current WHO and RECIST guidelines, which rely solely on anatomic 
changes. Functional contrast-enhanced and diffusion-weighted MRI (DWI) 

has been introduced as a new technique for assessing tumor response after 
TACE in patients with primary liver cancer (14, 16). This approach has been 
shown to help identify intracellular changes in tumor necrosis in patients 
with hepatocellular carcinoma treated with TACE and has led the way to the 
acquisition of important information about tumor burden and function. To 
our knowledge, this approach has not been used to assess the response of 
NET metastasis to TACE.  
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In this study, our aim was to evaluate multiparametric MRI anatomic 

and functional changes in NET hepatic metastatic lesions after sequential 
treatments with TACE. For the standard of reference, response evaluation 
was recorded according to the WHO and RECIST guidelines. In addition, 
overall imaging response was supported by results of liver function tests, 
patient performance status, and results of analysis of survival data. 
 

MATERIALS AND METHODS 
 

A prospective database of the records of patients who had undergone 

TACE for primary and metastatic liver disease at our institution was 
reviewed. The database was approved by the institutional review board and 
was compliant with the HIPAA. Inclusion criteria for the study were 
presence of a neuroendocrine hepatic metastatic lesion; treatment with 
TACE as a first- or second-line option; performance of unenhanced CT 1 
day after TACE; and performance of contrast-enhanced DWI before and 
after chemoembolization. Electronic medical records and images were used 
to collect patient demographic, laboratory, and clinical data. Functional and 
non-functional pancreatic NETs were labeled as islet cell tumors. A total of 

42 patients underwent TACE at our institution between December 1, 1999, 
and January 1, 2004. Sixteen patients were excluded from the study because 
of incomplete MRI before or after therapy. The remaining 26 patients with 
hepatic metastasis of NETs (12 with islet cell and 14 with carcinoid tumors) 
were included. These patients underwent TACE and baseline and follow-up 
DWI and were subsequently observed for survival until death or until March 
1, 2007.  

 
The location of the primary tumors in patients who had a histologic 

diagnosis of carcinoid included the small bowel in three patients, the large 
bowel in six patients, the stomach and duodenum in three patients, and other 
locations in two patients. Patients who had undergone chemotherapy or 
surgery were not excluded from the study. Targeted lesions close to the 
diaphragm were excluded because of breathing artifacts. Targeted lesions 
smaller than 1 cm also were excluded from the study because they were too 

small to be detected with DWI.  
 

Chemoembolization Technique 
 
According to our standard institutional protocol, experienced 

interventional radiologists performed all TACE procedures. For most 
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patients with bilateral liver disease, only one lobe of the liver was subjected 

to embolization during each treatment session. To prevent carcinoid crisis, 
somatostatin analogues were preoperatively administered to patients with 
active hormone hypersecretion. Chemoembolization was performed as 
previously described (14). Selective catheterization of the feeding artery was 
followed by infusion of a solution containing 100 mg of cisplatin (Platinol; 
Bristol-Myers Squibb, Princeton, NJ), 50 mg of doxorubicin (Adriamycin; 
Pharmacia Upjohn, Kalamazoo, MI), and 10 mg of mitomycin C 
(Mutamycin C; Bedford Laboratories, Bedford, OH) in a 1:1-2:1 mixture of 
iodized oil (Lipiodol, Guerbet). The infusion was followed by injection of 
either 150- to 250-µm polyvinyl alcohol particles (Ivalon, Interventional 
Therapeutic, Fremont, CA) or 300- to 500-µm trisacryl gelatin microspheres 
(Embospheres, Biosphere Medical, Rockland, MA) to slow arterial inflow 
and prevent washout of the chemotherapeutic agent.  

 
CT Technique 

 
Within 24 hours after TACE, all patients underwent unenhanced 

MDCT with a Volume Zoom scanner (Somatom Plus 4, Siemens Medical 

Solutions, Malvern, PA). Scanning parameters were 120 kVp, 210 mA, 5-
mm section collimation, and 5-mm image reconstruction. Technical success 

of the procedure was shown by the presence of intratumoral iodized oil 
deposition and relative sparing of the nontumorous liver parenchyma.  

 
MRI Technique and Imaging Features 

 
All patients underwent baseline and follow-up MRI with a 1.5-T MRI 

scanner (CV/i; GE Healthcare, Milwaukee, WI) and a phased-array torso 
coil. Imaging protocol included T2-weighted fast spin-echo images (matrix, 
256 × 256; slice thickness, 8 mm; interslice gap, 2 mm; repetition time 
[TR]/ echo time [TE], 5000/100 msec; receiver bandwidth, 32 kHz), breath-
hold diffusion-weighted echoplanar images (matrix, 128 × 128; slice 
thickness, 8 mm; interslice gap, 2 mm; b value, 500 mm2/sec; TR/TE, 5000-
6500/110 msec; receiver bandwidth, 64 kHz), and breath-hold unenhanced 
and contrast-enhanced (0.1 mmol/kg intravenous gadodiamide [Omniscan; 
GE Healthcare, Princeton, NJ]) T1-weighted three-dimensional fat-
suppressed spoiled gradient-echo images (field of view, 320-400 mm; 
matrix, 192 × 160; slice thickness, 4-6 mm TR/TE, 5.1/1.2 msec; receiver 
bandwidth, 64 kHz; flip angle, 15º) in the arterial (20 seconds after contrast 

administration) and portal venous (60 seconds after contrast administration) 
phases.  
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We compared imaging features on unenhanced MRI and post-TACE 
MRI. The features included tumor size, percentage of arterial and portal 
venous targeted tumor enhancement, patency of the portal vein, and ADCs 
of tumors, liver, and spleen.  

 
Image Analysis 

 
Images for each patient were obtained retrospectively with a 

workstation (Advantage; GE Healthcare, Milwaukee, WI) and were 
interpreted by consensus of two experienced MRI radiologists in the same 
reading session to ensure careful comparison of preprocedural and 
postprocedural MRI features. Image magnification and window and level 
settings were adjusted accordingly, and the relevant settings were recorded. 

Bidimensional targeted tumor measurements (maximal tumor diameter and 
largest perpendicular diameter), percentage of arterial and portal venous 
targeted tumor enhancement, and patency of the portal vein were recorded. 
For patients who underwent more than one TACE session, the MRI study 
performed after the last session was used for comparison. Percentage of 
enhancement was visually estimated as enhancement seen on the axial 
image with the largest tumor diameter and was quantified as follows: less 

than 25%, 25% to less than 50%, 50-75%, and greater than 75%. ADC maps 
were generated from the diffusion-weighted images, and values were 
recorded by placement of a region of interest over the entire treated mass, as 
seen on the image with the largest lesion size. Percentage of iodized oil 
deposition on CT was estimated with the same four quartiles used for 
percentage of tumor enhancement. For patients who had undergone multiple 
treatments, the cumulative iodized oil deposition in the targeted lesion was 
recorded.  

 
Anatomic tumor response was recorded and classified according to the 

WHO and RECIST guidelines as complete response, partial response, stable 
disease, or progressive disease. Complete response was described as tumor 
disappearance confirmed 4 weeks after treatment. Partial response was 
defined as corresponding to a 50% decrease in the summation of the 
products of bidimensional measurements of tumor lesions according to the 
WHO criteria and to at least a 30% decrease in the sum of the longest 
diameter of targeted lesions according to the RECIST. Stable disease was 
defined as neither sufficient shrinkage to qualify for partial response nor 
sufficient increase to qualify for progressive disease. Progressive disease 
was defined as at least a 20% increase in the sum of the longest diameter of 
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target lesions according to the RECIST or an at least 25% increase in the 
summation of the products of bidimensional measurements of tumor lesions 

according to the WHO guidelines (12, 13). Tumor response determined as 

change in tumor size according to the WHO and RECIST guidelines was 
recorded.  

 
Clinical Data 

 
Laboratory data included results of liver function tests before and after 

treatment. Hormonal and tumor markers were not included in the analysis 
because they were primarily used for diagnostic purposes. The clinical status 
of each patient was assessed before and after treatment according to the 
Eastern Cooperative Oncology Group performance status scale (17).  

 
Survival Data 

 
Survival rates were calculated from the date of diagnosis of metastatic 

disease because in some cases there was no available information on the 
time of diagnosis of the primary lesion.  

 
Statistical Analysis 

 
Statistical analysis was performed with the SPSS 14.0 statistical 

software package. Paired Student's t tests and Wilcoxon's rank tests were 
used for comparisons of pretreatment and posttreatment values. Tumor size, 
enhancement, and ADC in patients with pancreatic NETs were compared 
with those in patients with nonpancreatic NETs. The same variables were 
compared for patients with first-line and those with second-line TACE 
therapy. Survival rates were calculated on the basis of the time of diagnosis 
of metastatic liver disease and analyzed with the Kaplan-Meier method. A 
value of p < 0.05 was considered statistically significant.  

 
RESULTS 

 
Demographic Data 

 
Our retrospective analysis included 66 lesions in 26 patients with 

neuroendocrine hepatic metastasis who were treated with TACE at our 
institution between December 1, 1999, and January 1, 2004, and were 
observed for survival until death or until March 1, 2007, whichever occurred 
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first. Fifteen of the 26 patients (six with metastatic carcinoid and nine with 
metastatic islet cell lesions) underwent TACE as first-line therapy for 
metastatic disease. The other 11 patients (nine with metastatic carcinoid 
lesions and two with metastatic islet cell lesions) underwent TACE as a 
second-line treatment. All patients underwent an average of two (range, 1-6) 
consecutive TACE sessions per lesion. The average number of targeted 
lesions per patient was 2.5 (range, 1-4). To reduce selection bias, in patients 
with numerous lesions in the targeted lobe, the largest and up to four lesions 
were included in the study. A total of 37 metastatic carcinoid lesions and 29 
metastatic islet cell lesions were reviewed. Detailed demographic data and 
treatment response according to the WHO and RECIST guidelines are 
included in Table 5.1. No complications related to TACE were encountered 
in our study population.  
 
Imaging Data 

 
The mean time between pretreatment and posttreatment MRI was 206 

± 201 (SD) days. The mean longest tumor diameter was 5.6 ± 3.1 cm before 
treatment and 4.6 ± 3.1 cm after treatment (p < 0.0001), as shown in Table 
5.2. Mean tumor enhancement in the arterial phase was 60.8% ± 25.3% 

before treatment and 31.1% ± 30.8% after treatment (p < 0.0001). Mean 
tumor portal venous enhancement was 82.4% ± 20.7% before and 42.5% ± 
36.1% after treatment (p < 0.0001) (Fig 5.1A-G). Mean tumor ADC 
increased from 1.51 ± 0.55 x 10-3 mm2/sec before treatment to 1.79 ± 0.54 x 
10-3 mm2/sec after treatment (p < 0.0001). The ADCs for liver (p = 0.17) 
and spleen (p = 0.58) remained unchanged before and after treatment. A 
mean change of 26.4% ± 45.5% in tumor ADC was recorded for all targeted 
lesions. According to the WHO criteria, seven (27%) patients had a partial 
response, and the other 19 (73%) had stable disease. A mean change of 

34.5% ± 22.9% in bidimensional tumor size was found for all patients. 
According to the RECIST, six (23%) of the patients had a partial response, 
19 (73%) had stable disease, and one (4%) had progressive disease. A mean 
change of 16.3% ± 27.2% in unidimensional tumor size according to the 
RECIST was recorded. Tested correlation between the WHO and RECIST 
guidelines was significant (p < 0.001, ρ = 0.8). No significant correlation, 
however, was detected between the WHO criteria and mean tumor ADC (p 
= 0.8, ρ = 0.025) or the RECIST and mean tumor ADC (p = 0.2, ρ = 0.2) 
(Table 5.3).  
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Testing for possible correlation between tumor ADC after treatment, 
percentage of arterial and portal venous tumor enhancement after treatment, 
and percentage of iodized oil deposition for each targeted lesion showed no 
correlation between percentage of iodized oil deposition and tumor ADC 
after treatment (p = 0.3, ρ = 0.13) or between percentage of iodized oil 
deposition and percentage of tumor enhancement after treatment (p = 0.5, ρ 
= 0.09). A marginal value of p = 0.06 (ρ = 0.24) was observed in the test of 
correlation between percentage of tumor enhancement in the portal venous 

phase and iodized oil deposition. The tumor variables size, enhancement, 

and ADC in patients with pancreatic NETs were not significantly different 

from those in patients with nonpancreatic NETs. Similarly, the tumor 
variables in patients undergoing TACE as first-line treatment were not 
significantly different from those in patients undergoing TACE as a second-
line treatment.  

 
Clinical and Laboratory Data 

 
No statistically significant change was found in any clinical or 

laboratory value tested before and after treatment.  

 
Survival Data 

 
The mean survival period for all patients was 78 months (Fig 5.2). 

There was no statistically significant difference between the survival rate of 
patients with metastatic carcinoid and that of patients with islet cell lesions 
(logrank p = 0.65). Moreover, there was no statistically significant 
difference between the survival rate of patients who underwent TACE as 
first-line treatment and that of those who underwent the procedure as 
second-line treatment (log-rank p = 0.87).  
 

DISCUSSION  
 

Hepatic metastasis from NETs is fairly common, encountered in 25-
90% of patients with NETs (18). Hepatic metastatic lesions of NETs 
typically have an indolent course of progression and may be diagnosed at an 
advanced stage of disease. Curative surgical resection is possible in only 10-
20% of cases. Therefore, a large portion of patients are candidates for 
palliation (1). Medical palliative treatments have been effective in 
controlling hormonal symptoms but not as successful in controlling tumor 

growth (19). Moreover, the rate and median duration of objective response 
to systemic chemotherapy have been disappointing, and the survival rate has 
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not substantially increased (20). TACE exploits the hypervascularity of NET 
metastatic lesions and the blood supply through the hepatic artery to deliver 
high concentrations of chemotherapeutic agents and embolic materials to the 
tumor bed. This treatment has been shown to be an effective palliative 
method of controlling hormonal symptoms and tumor growth in patients 
with hepatic metastasis of NETs (8, 10, 11, 21, 22).  

 
Assessment of response to treatment is necessary for clinical 

management and is critical for the evaluation of clinical trials. Currently 
used tumor response criteria include the WHO and RECIST guidelines (12, 
13). Both sets of guidelines rely on anatomic information on tumor status 
derived before and after treatment, measured as a change in tumor size. 
However, the validity of the criteria has been challenged with various types 
of tumors and treatments, mainly because of a need for additional 
information on functional tumor burden (23). New targeted cancer therapies 

may not result in changes in tumor size that qualify as complete or partial 
response. They may, however, lead to cellular necrosis, measured with 
functional imaging (PET, SPECT, and MRI). As a form of targeted therapy, 
TACE has been effective in reducing tumor burden in patients with NET 
hepatic metastasis, but despite the favorable clinical outcome, response to 
treatment often does not meet the criteria for complete response.  

 
The need for functional assessment of tumor burden in NET hepatic 

metastasis was introduced in a study of treated NET metastases assessed 

with 111In-pentetreotide SPECT (24). Not all tumors, however, exhibit 

uptake with this imaging technique. DWI is a functional technique based on 
motion of water molecules across cell membranes. DWI has been used to 
evaluate tumor cell death of primary unresectable hepatocellular carcinomas 
treated with TACE (14, 16). Viable highly cellular tumors have intact cell 
membranes that restrict the motion of water molecules, producing a low 
ADC. After TACE, cellular necrosis causes membrane disruption and 
increases membranous permeability, allowing free diffusion of water 
molecules and an increase in ADC (14, 16). Our results show that DWI can 
be used to assess response to treatment on a functional molecular level and 
to quantify tumor cell death by showing the state of water diffusion across 
tumor cell membranes on ADC maps. This observation may explain the lack 
of correlation between the WHO and RECIST guidelines and the DWI 
measurements. The first two refer to anatomic information, and the last 
offers information on a cellular level.  
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Another indicator of treatment effectiveness measured in our study is 
tumor vascularity, shown by percentage of enhancement of targeted lesions 
in the arterial and portal venous phases of imaging before and after 
treatment. Several studies have shown a decrease in tumor vascularity after 
successful treatment with TACE. It is difficult, however, to compare results 
of previous reports because of variability in the measurement methods of 
tumor vascularity (25). Contrast-enhanced perfusion imaging is a promising 
method of measuring tumor vascularity in a more reproducible manner (26, 
27).  

 
Our results showed lack of correlation between iodized oil deposition, 

tumor DWI measurements, and arterial and portal venous enhancement 
measurements. This lack of correlation may be due to the different physical 
properties measured. Contrast enhancement is determined by the amount of 
contrast material in the extracellular space, DWI is a measure of water 

motion across membranes, and iodized oil deposition refers to a possible 
biochemical tumor cell pump defect (28). Iodized oil deposition has been 
shown not to correlate well with tissue necrosis (29). In our experience, the 
main use of unenhanced CT has been to determine the technical success of 
TACE by verifying adequate tumor targeting. Moreover, iodized oil 
deposition and arterial and portal venous tumor enhancement are based on 
visual estimates, whereas ADC is a computed value and can be objectively 
reproduced.  

 
Patients with untreated hepatic metastasis historically have a 5-year 

survival rate of 35% with a median survival period of 2-4 years (30, 31). 
Comparison of survival data with findings in other studies shows that our 
mean survival period of 78 months is in accordance with other reported 
survival times (8, 11). Eriksson et al. (10) reported a median survival period 
of 80 months in a group of 41 patients with NET metastasis, but all of those 
patients had previously undergone other medical treatments. Other reports 
(8, 21, 32) have suggested that the natural history of metastatic NETs is 
unpredictable and that the median survival period among these patients after 
embolization treatment ranges from 13 to 80 months.  

 
Our study had several limitations. Because of the rarity of the disorder, 

the number of subjects was small. Therefore, we were not able to detect 
trends between the carcinoid and the neuroendocrine groups or between the 
first-line TACE and second-line TACE groups. Future studies with a larger 
subset of patients are warranted to assess the correlation between tumor 
enhancement and ADC with an objective outcome, such as survival. 
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Moreover, patients who had incomplete imaging evaluations or had tumors 

less than 1 cm in diameter were excluded, leading to potential selection bias. 
NET hepatic metastasis is known for a long, variable, and indolent course, 
making it difficult to assess survival benefit. Histopathologic data were not 
obtained for any of the patients in the study. Therefore, tumor cell death was 
measured only with DWI. Previous reports (14, 16), however, have shown 
good correlation between the histopathologic percentage of necrosis and the 
ADC obtained with DWI.  

 
The results of our analysis suggest that multiparametric DWI may 

effectively show treatment effect after TACE in patients with hepatic 
metastasis of NETs. The addition of DWI seems to provide important 
information about the functional tumor burden, whereas contrast-enhanced 
MRI depicts morphologic changes in NET hepatic metastasis after TACE. 
These preliminary results need to be further validated in a prospective 
randomized way that may strengthen the role of multiparametric functional 
MRI. 
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TABLES & FIGURES 
 

  
Characteristic 

 
Value 

   

 Sex  

 Men 16 

 Women 10 

 Mean age (y)  57 ± 14 (SD) 

 Primary tumor (n)  

 Carcinoid 14 

 Islet cell 12 

 Previous therapy (n)  

 No 15 

 Yes 11 

 WHO response criteria (n)  

 Complete response 0 

 Partial response 7 

 Stable response 19 

 Progressive disease 0 

 RECIST (n)  

 Complete response 0 

 Partial response 6 

 Stable response 19 

 Progressive disease 1 

 
Table 5.1 Demographic Data and Treatment Response According to World Health 
Organization (WHO) Criteria and Response Evaluation Criteria in Solid Tumors (RECIST) 
for All Patients with Neuroendocrine Tumors Treated with Transcatheter Arterial 
Chemoembolization (n = 26) 
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Feature 

 
Before treatment 

 
After treatment 

 
p* 

     

 Size of mass (cm)    

 Maximum diameter 5.6 ± 3.1 4.6 ± 3.1 <0.0001 

 Perpendicular diameter 4.5 ± 2.4 3.6 ± 2.3 <0.0001 

 Enhancement of mass (%)    

 Arterial phase 60.8 ± 25.3 31.1 ± 30.8 <0.0001 

 Venous phase 82.4 ± 20.7 42.5 ± 36.1 <0.0001 

 ADC (x 10-3 mm2/sec)    

 Mass 1.51 ± 0.55 1.79 ± 0.54 <0.0001 

 Liver 1.81 ± 0.71 1.63 ± 0.58 0.17 

 Spleen 1.06 ± 0.33 1.10 ± 0.33 0.58 

 
Table 5.2 Descriptive Data and Comparison of Imaging Variables Before and After 
Transcatheter Arterial Chemoembolization for all Patients with Metastatic Neuroendocrine 
Tumors. Note.— Values are mean ± SD. *Paired Student’s t test. 
 
 
  

Characteristic 
 

WHO 
 

RECIST 
Diffusion-Weighted 

Imaging 

     

 Criterion Size (summation of 
products of bidimensional 
measurements of targeted 

lesions) 

Size (sum of longest 
diameters of targeted 

lesions) 

Apparent diffusion 
coefficient 

 Percentage of change in 
criterion (mean ± SD) 

34.5 ± 22.9 16.3 ± 27.2 26.4 ± 45.5 

 Information provided Anatomic Anatomic Functional 

 
Table 5.3 Comparison and Correlation Between World Health Organization (WHO) 
Criteria, Response Evaluation Criteria in Solid Tumors (RECIST), and Diffusion-Weighted 
Imaging Features for Neuroendocrine Tumor Response After Transcatheter Arterial 
Chemoembolization 
Note.— Results of univariate analysis are as follows: WHO versus RECIST (p < 0.001, ρ = 
0.8), RECIST versus diffusion-weighted imaging (p = 0.2; ρ = 0.2), WHO versus diffusion-
weighted imaging (p = 0.8; ρ = 0.025). 
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Figure 5.1 67-year-old woman with hepatic metastasis of neuroendocrine tumor. Changes 
were seen in contrast enhancement and apparent diffusion coefficient after transcatheter 
arterial embolization (TACE).  
(A) MR image (5.1/1.2) in arterial phase of gadolinium enhancement shows 6-cm 
hypervascular mass (arrow) in left lobe.  
(B) MR image (5.1/1.2) in portal venous phase of gadolinium enhancement shows almost 
complete enhancement of mass (arrow) in left lobe. 
(C) Diffusion-weighted MR image (6,500/110) shows hyperintense mass (arrow). Apparent 
diffusion coefficient is 1.90 x 10-3 mm2/sec. 
(D) Unenhanced CT scan of abdomen shows intense deposition of iodized oil in periphery 
of mass (arrow) after TACE. 
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Figure 5.1 (continued) 67-year-old woman with hepatic metastasis of neuroendocrine 
tumor. Changes were seen in contrast enhancement and apparent diffusion coefficient after 
transcatheter arterial embolization (TACE).  
(E) MR image (5.1/1.2) in arterial phase of gadolinium enhancement shows mass (arrow) 
as almost completely avascular after TACE.  
(F) MR image (5.1/1.2) in portal venous phase of gadolinium enhancement shows minimal 
residual peripheral enhancement (< 10%) of mass (arrow) after TACE. Size of mass has 
only slightly decreased.  
(G) Diffusion-weighted MR image (6,500/110) with apparent diffusion coefficient of 2.37 x 
10-3 mm2/sec confirms increasing cellular necrosis (arrow) after TACE. 
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Figure 5.2 Graph shows Kaplan-Meier survival curve for patients with neuroendocrine 
tumors managed with transcatheter arterial embolization. 
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ABSTRACT 
 
PURPOSE:  
To assess the value of functional magnetic resonance (MR) imaging in the 
evaluation of early tumor response after transarterial chemoembolization 
(TACE) for metastatic leiomyosarcoma and compare tumor response using 
functional MR imaging versus traditional imaging response assessment, 
which is based on tumor size. 
 
MATERIALS AND METHODS: 
We evaluated 31 lesions in 10 patients with liver metastases from 
leiomyosarcoma using MR imaging studies before and after TACE. 
Diffusion and contrast-enhanced MR imaging was performed on a 1.5-T 
unit. Imaging protocol consisted of T2-weighted fast spin-echo images, 
breath-hold diffusion-weighted echoplanar images, and breath-hold 
unenhanced and contrast-enhanced T1-weighted three-dimensional fat-
suppressed spoiled gradient-echo images in the arterial phase (20 seconds) 
and portal venous phase (60 seconds). Parameters evaluated included 
change in tumor size, enhancement, and apparent diffusion coefficient 
(ADC) values. Median survival was also calculated for the entire cohort. 
 
RESULTS: 
The 31 lesions evaluated had a mean size of 4.8 cm before treatment. Tumor 
size decreased only 2% immediately after treatment. Decrease of tumor 
enhancement after treatment was significant (p < 0.0001) in the arterial 
phase (69%) as well as in the portal venous phase (64%). After TACE, mean 
tumor ADC increased by 20% (p = 0.0015), whereas mean nontreated liver, 
spleen, and muscle ADC values did not change significantly (p = 0.44, p = 
0.287, and p = 0.098, respectively). Patient survival from time of first TACE 
was 21 months for the entire cohort. 
 
CONCLUSION: 
In patients with leiomyosarcoma and liver metastases who were treated with 
TACE, significant early changes in the treated lesions occurred on 
functional MR imaging. These include decrease in tumor enhancement and 
increase in tumor ADC value, suggesting increasing tumor necrosis and cell 
death. Changes in tumor size were small and inadequate to assess treatment 
response, suggesting limitation of the current response criteria in the early 
assessment of tumor response. 
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INTRODUCTION 
 

Approximately 12% of all soft tissue sarcomas are leiomyosarcomas, 
arising from smooth muscle (1). Estimated new cases and deaths from soft 
tissue sarcoma in the United States in 2006 are 9530 and 3500, respectively 
(2). Leiomyosarcoma can occur anywhere in the body, but the most frequent 
primary tumor sites are visceral and retroperitoneal. The liver is a common 
site for metastases from visceral and retroperitoneal leiomyosarcomas (3).  

 
Surgical resection has been proven to increase survival, with reported 

median survival of 32 months (4, 5). Unfortunately, most patients with liver 
metastases appear to be unresectable at the time of diagnosis. Without 
treatment, the reported survival rate for patients with nonresectable hepatic 
metastases from the time of diagnosis is 14 months (6). The most common 
treatment of nonresectable liver metastases is chemotherapy. Unfortunately, 
reported tumor response rates are low. Better results have been obtained by 
using transarterial chemoembolization (TACE), with a reported median 
survival of 18 months (7).  

 
The goal of TACE is to deliver high concentrations of 

chemotherapeutic agents through the feeding artery directly into the tumor 
mass, with minimal systemic toxicity (8). Embolic particles are used to 
reduce arterial inflow and drug washout and maximize contact time between 
the drugs and the tumor cells (9, 10). Extensive data have shown evidence 
that TACE causes significant tumor necrosis (11). 

 
Assessing tumor response after TACE is not only essential for 

evaluating treatment success, but it also influences therapy strategies. 
Traditional imaging modalities and imaging response criteria are 
constrained by the lack of capability to reliably assess the extent of tumor 
necrosis. Unenhanced computed tomography (CT) can demonstrate the 
presence of hyperattenuating iodized oil within the tumor, but iodized oil 
impairs assessment of residual tumor enhancement on contrast-enhanced CT 
(12). Enhanced areas on gadolinium-enhanced magnetic resonance (MR) 
images can be used to evaluate tumor necrosis but can also represent 
posttreatment granulation tissue (13, 14). Presently, no standardized 
response criteria exist to evaluate lesions treated with TACE. The traditional 
and accepted criteria to determine tumor response in oncology, namely, the 
World Health Organization criteria and Response Evaluation Criteria in 
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Solid Tumors (RECIST), use decrease in tumor size as an indicator of 
successful therapy (15).  

 
A novel imaging technique is diffusion MR imaging, which generates 

the apparent diffusion coefficient (ADC) maps. Apparent diffusion 
coefficient maps the mobility of water in tissues. Because of reduced 
cellularity and diminished cell membrane integrity in necrotic tumor cells, 
water mobility is increased, whereas viable tumor cells restrict diffusion of 
water molecules. Diffusion MR imaging has been successfully used to 
assess tumor response after chemotherapy and radiation therapy, as well as 
after TACE (16-18, 19, 20).  

 
Based on these studies, we hypothesized that diffusion MR imaging 

could determine cellular necrosis and may therefore be useful in providing 
additional information about early tumor response after TACE. Hence, the 
purpose of our study was to assess the value of functional MR imaging in 
the evaluation of early tumor response after TACE in patients with 
metastatic leiomyosarcoma. In addition, we compared tumor response using 
functional MR imaging with traditional imaging assessment using tumor 
size. 
 

MATERIALS AND METHODS 
 

Patients  
 
Between January 1, 2001, and December 31, 2005, the care of 12 

patients with metastatic leiomyosarcoma who were to receive one or more 
cycles of TACE was discussed in the liver tumor board at our institution. 
Criteria for performing TACE included confirmed diagnosis of unresectable 
metastatic leiomyosarcoma in patients with or without minimally impaired 
liver function. Patients excluded from receiving TACE were those with an 
Eastern Cooperative Oncology Group performance status greater than 2, 
encephalopathy, severe variceal bleeding and/or severe ascites, significant 
thrombocytopenia, prolonged impaired renal function, acute renal failure 
(ie, an abrupt increase in serum creatinine level of ≥ 50% with respect to the 
baseline level or an absolute increase in the serum creatinine concentration 
of ≥ 0.5 to > 1.5 mg/dL), or severe liver failure (advanced Child-Pugh score 
C). Our study group included all patients treated with chemoembolization 
who had contrast-enhanced and diffusion-weighted MR imaging before and 
after chemoembolization. Review of our database identified 10 patients who 
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fulfilled these criteria; 2 patients were excluded for not having MR imaging 
after TACE. Diagnosis of metastatic leiomyosarcoma was confirmed by 
biopsy in all patients. The study was authorized by the institutional review 
board. 

 
Chemoembolization Technique  

 
An 18-gauge single-wall needle was used to access the right common 

femoral artery using the Seldinger technique. A 5-F vascular sheath was 
placed into the right common femoral artery over a 0.035-inch Glidewire 
(Terumo Medical, Somerset, NJ). Under fluoroscopic guidance, a 5-F glide 
Simmons-1 catheter (Cordis, Miami, FL) was advanced into the aortic arch, 
formed, and then used to select the celiac axis. Over the guidewire, the 
catheter was advanced into the desired hepatic artery branch, depending on 
the tumor location. A solution containing 100 mg of cisplatin (Platinol; 
Bristol-Myers Squibb, Princeton, NJ), 50 mg of doxorubicin (Adriamycin; 
Pharmacia Upjohn, Kalamazoo, MI), and 10 mg of mitomycin C 
(Mutamycin C; Bedford Laboratories, Bedford, OH) in a 1:1 mixture with 
iodized oil, followed by infusion of Embosphere particles (Biosphere 
Medical, Rockland, MA), was administered until stasis was achieved. 

 
CT Technique  

 
Within 1 day after chemoembolization, all patients underwent 

unenhanced helical CT imaging with use of a Siemens Somatom Volume 
Zoom scanner (Siemens Medical Systems, Iselin, NJ). Scanning parameters 
were 120 kVp, 210 mA, 5-mm section collimation, and 5-mm image 
reconstruction. Technical success of the procedure was demonstrated by the 
focal deposition of iodized oil in the tumor and relative sparing of the 
nontumorous liver parenchyma. 

 
MRI Technique  

 
Patients were scanned using a 1.5-T MRI scanner (CV/i; GE 

Healthcare, Milwaukee, WI) and a phased-array torso coil. Imaging protocol 
included T2-weighted fast spin-echo images (matrix, 256 × 256; slice 
thickness, 8 mm; interslice gap, 2 mm; repetition time [TR]/ echo time [TE], 
5000/100 msec; receiver bandwidth, 32 kHz), breath-hold diffusion-
weighted echoplanar images (matrix, 128 × 128; slice thickness, 8 mm; 
interslice gap, 2 mm; b value, 500 mm2/sec; TR/TE, 5000-6500/110 msec; 
receiver bandwidth, 32 kHz), and breath-hold unenhanced and contrast-
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enhanced (0.1 mmol/kg intravenous gadodiamide [Omniscan; GE 
Healthcare, Princeton, NJ]) T1-weighted three-dimensional fat-suppressed 
spoiled gradient-echo images (field of view, 320-400 mm; matrix, 192 × 
160; slice thickness, 4-6 mm TR/TE, 5.1/1.2 msec; receiver bandwidth, 64 
kHz; flip angle, 15º) in the arterial phase (20 seconds) and portal venous 
phase (60 seconds). 

 
Follow-up  

 
According to our protocol, patients received contrast-enhanced and 

diffusion MR 4 to 6 weeks after TACE to assess tumor response. Patients 
with near-complete tumor necrosis were followed by imaging every 6 to 8 
weeks. All patients had follow-up for at least 6 weeks to assess morbidity 
and mortality after TACE. 

 
Image Analysis  

 
Magnetic resonance image processing and ADC maps were generated 

using a commercially available Advantage Windows workstation (General 
Electric Medical Systems). Images were interpreted by consensus of 2 
experienced MR radiologists. Parameters evaluated included change in 
tumor size, enhancement, and ADC values. All target lesions of 2 cm or 
larger were evaluated, with a maximum of 5 lesions per patient. The 
maximum diameter of the targeted lesions was measured by electronic 
calipers as proposed by RECIST. Areas of tumor enhancement were 
considered viable, and areas of nonenhancement were considered necrotic. 
The percentage of enhancement was based on enhancement seen on the 
axial image with the largest tumor size. Apparent diffusion coefficient maps 
were generated from the diffusion-weighted images, and values were 
recorded by placing a region of interest over the entire treated mass, as seen 
on the image with the largest lesion size. Apparent diffusion coefficient 
maps of untreated liver, spleen, and muscle were generated. The percentage 
of iodized oil deposition on CT was also recorded. In patients who had 
received multiple iodized oil treatments, the maximum iodized oil retention 
in the targeted lesion was recorded. 

 
Statistical Analysis  

 
Statistical analysis was performed with use of Stata software package 

(Version 8; Stata, College Station, TX). Paired t test was used to compare 
parameters used to assess tumor response before and after TACE. These 
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included tumor size, enhancement, and ADC before and after TACE. Paired 
t test was also used to compare ADC values of the liver, spleen, and muscle 
before and after treatment. Median survival was calculated in the entire 
cohort from the date of presentation with liver metastases until death from 
any cause, or until October 1, 2006, and surviving patients were censored at 
the date of analysis. A Kaplan-Meier survival curve was generated. P values 
< 0.05 were considered to indicate statistical significance. 

 
RESULTS 

 
Demographic Information  

 
General patient information is shown in Table 6.1. A total of 31 

lesions were evaluated in 10 patients. Each lesion received a single TACE 
treatment, except for 1 lesion that received 2 cycles of TACE. The average 
duration between preprocedural and postprocedural MR imaging was 57 ± 
22 days. Magnetic resonance imaging was performed within 9 ± 18 days 
before TACE. Mean duration between the last TACE treatment and follow-
up MR imaging was 48 ± 24 days. Mean duration between last TACE 
treatment and second follow-up MR for size evaluation was 141 ± 67 days. 
Mean maximum iodized oil retention within the tumor as seen on CT was 
42%. 
 
Assessment of Change in MR Imaging Parameters After TACE  

 
On gadolinium-enhanced MR imaging, overall tumor enhancement in 

the arterial and portal venous phases decreased significantly after TACE 
(Tables 6.2, 6.3). Arterial enhancement decreased after TACE by 35%, and 
the decrease was statistically significant (p < 0.0001). Similarly, venous 
enhancement decreased by 49%, which was also statistically significant (p < 
0.0001). Diffusion MR imaging was also useful in monitoring response after 
treatment. Mean tumor ADC increased after TACE by 20% (p = 0.0015), 
whereas the ADC remained unchanged in nontumorous liver, spleen, and 
muscle (Table 6.2) (Fig 6.1). Mean tumor size did not change immediately 
after TACE, and therefore, it did not meet RECIST for partial or complete 
response. For 17 lesions in 5 patients, we were able to evaluate size on the 
second follow-up MR after a mean duration of 141 days. Mean tumor size 
decreased from 4.1 to 3.4 cm (17%) in these 5 patients. Based on these 
results, all patients in our cohort were considered nonresponders to TACE, 
even with more extended follow-up measurements of tumor size. 
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Patient Survival  
 
Median survival from time of liver metastases was 34 months for the 

entire cohort. Survival rate at 1, 2, and 3 years was 100%, 70%, and 47%, 
respectively. Median survival from time of first TACE was 21 months for 
the entire cohort. Survival rate at 1, 2, and 3 years from first TACE was 
100%, 38%, and 13%, respectively. This is significantly higher than the 
previous reported survival rate for untreated patients from the time of 
diagnosis, which was 14 months (6).  
 
Morbidity and Mortality  

 
None of the patients in our cohort died within the first 30 days after 

TACE. One patient developed a liver abscess 1 month after TACE, which 
was managed by percutaneous drainage. 
 

DISCUSSION  
 

Leiomyosarcoma metastatic to the liver is an uncommon neoplasm. 
Traditionally, chemotherapy has been used for these patients as the standard 
treatment modality, although chemotherapy generally does not provide a 
survival benefit. Locoregional therapy is a promising treatment modality 
that has already been proven to improve survival in patients with other 
hepatic malignancies (21, 22).  

 
Without treatment, the reported survival rate for patients with 

unresectable hepatic metastases from the time of diagnosis is 14 months (6) 
In our cohort, median survival was 21 months from the time of first TACE, 
whereas reported survival rate in the literature for patients that undergo 
incomplete resection ranges from 8 to 21 months (4, 5). Our morbidity and 
mortality rates were significantly lower than the rates reported after 
resection. Our results suggest that TACE is a safe treatment modality that 
could potentially improve survival in patients with unresectable metastatic 
leiomyosarcoma. In addition, early response may restrict the number of 
treatments, resulting in preservation of functioning healthy liver tissue, 
which likely contributes to prolonged survival. 

 
It is essential for physicians to assess response to treatment, especially 

shortly after treatment, because response influences treatment strategies. 
Therefore, we compared traditional imaging assessments (which are based 
on iodized oil deposition, enhancement, and change in tumor size) with 
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diffusion and contrast-enhanced MR imaging in the evaluation of early 
tumor response after TACE for metastatic leiomyosarcoma. Our results 
indicate that early tumor necrosis may be seen with diffusion and contrast-
enhanced MR imaging, before significant decrease in tumor size occurs. 

 
It has been suggested that accumulation of iodized oil within tumors 

after TACE correlates well with tumor necrosis and survival in patients with 
hepatocellular carcinoma (23-25). In our study, however, mean maximum 
lipiodol deposition was only 42% immediately after TACE, which had a 
poor correlation with ADC (R = 0.07). In our experience, the amount of 
iodized oil deposition alone could not be used as a consistent predictor of 
tumor response after treatment. 

 
Extracellular contrast agents are used in contrast-enhanced MR 

imaging to determine areas of tumor viability (26-28). Enhancement is 
believed to be caused by viable tumor, whereas necrotic tumor is 
nonenhancing. Enhanced areas can also represent posttreatment reactive 
granulation tissue, caused by increased capillary permeability and marked 
increase in the passive distribution of gadolinium (29). In our study, we 
found a decrease in enhancement of 35% in the arterial phase and 49% in 
the venous phase, which indicates that reduction in enhancement can be 
used as a predictor of tumor response. 

 
Currently, the accepted methods to measure treatment response are 

based on changes in tumor size. In our study, tumor size did not change 
after treatment, whereas contrast enhancement and ADC value changed 
significantly, suggesting favorable tumor response. These results point out 
the disconnect that exists among lack of contrast enhancement, increase in 
ADC value, and decrease in tumor size. Our results are in line with 
recommendations of the European Association for the Study of Liver 
Disease, which recommend the use of lesion enhancement on contrast-
enhanced CT as the standard modality to determine treatment response after 
locoregional therapy, instead of relying on tumor size only (30). 

 
The mobility of water molecules in tissues is represented by diffusion 

MR imaging and ADC values. This provides insight into tumor 
microstructure. Viable tumors contain cells with an intact cell membrane, 
restricting water mobility, thereby causing low ADC values. Conversely, 
cellular necrosis causes increased membranous permeability, which leads to 
an increase in the ADC value. These characteristics are used to detect early 
cellular necrosis, before size regression occurs (31, 32).  
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This study has several limitations. First, our study had a small sample 

size. However, because metastatic leiomyosarcoma is a rare disease, it is 
unlikely to acquire a large sample size from a single institution. To confirm 
our conclusions, further studies including a larger sample size are needed. 
Second, we were only able to include patients with MR imaging before and 
after treatment, which can cause a possible selection bias. For obvious 
ethical reasons, we could not obtain histopathology after TACE; therefore, 
this study lacks histologic correlation. The mean follow-up interval in this 
study was 57 days. Even the more extended second follow-up period, which 
was 141 days, showed no decrease in size to a degree that would satisfy 
current treatment response criteria. Unfortunately, the second follow-up MR 
was not available for all patients. The aim of this study, however, was to 
show an early response, which is more useful in the clinical setting. At our 
institution, follow-up MR studies are performed at 4 to 6 weeks after TACE, 
and it is not clear whether this is the ideal follow-up time to evaluate 
enhancement, diffusion, and ADC values. 

 
In conclusion, contrast-enhanced and diffusion-weighted MR imaging 

could potentially be used to predict the degree of tumor necrosis after 
TACE. The functional information provided by the ADC maps and contrast-
enhanced changes on MR imaging may improve response evaluation, which 
currently is based only on size change. In addition, these MR imaging 
techniques are quantitative and may be subject to statistical testing 
individually and in combination to ascertain their utility in the assessment of 
tumor necrosis. Accurate assessment of early treatment response is 
necessary to guide future therapy and is likely to have survival benefit in 
patients who show a response to therapy. 
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TABLES & FIGURES  
 

  
Characteristic 

 
Value 

   

 Age (yrs), mean (range)  56 (44-68) 

 Sex (male/female) 3/7 

 Location primary (uterus/retroperitoneum/ lower 
extremity/kidney/unknown) 

3/4/1/1/1 

 Pre-TACE chemotherapy (yes/no) 6/4 

 Pre-TACE liver resection (yes/no) 3/7 

 No. lesions (<10, 10-20, >20) 5/4/1 

 % of liver involvement, mean (range) 17 (5-30) 

 No. targeted lesions per patient, mean (range) 3.1 (1-5) 

 Size of targeted lesions, mean (range) 4.8 (1.3-15.2) 

 
Table 6.1 Patient demographics. 
 
 
  

Features 
Pretreatment  

(SD) 
Posttreatment  

(SD) 
%  

Change 
 

p* 

      

 Size of mass (cm) 4.8 (3.5) 4.7 (3.3) 2 0.31 

 % Enhancement of mass      

 Arterial  51 (36) 16 (27) 35 <0.0001 

 Venous  76 (31) 27 (33) 49 <0.0001 

 ADC (x 10-3 mm2/sec)     

 Mass 1.77 (0.47) 2.13 (0.44) 20 0.0015 

 Liver 1.79 (0.41) 1.81 (0.43) 1 0.44 

 Spleen 1.16 (0.15) 1.11 (0.33) 4 0.287 

 Muscle 1.87 (0.36) 1.83 (0.48) 2 0.098 

 
Table 6.2 Mean changes in tumor size, enhancement and ADC value after TACE. 
* Paired t-test 
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Tumor Feature 

Findings in Current 
Study 

 
RECIST 

 
EASL 

     

 Size Small decrease (2%) Requires 30% 
decrease for 
responders 

NA 

 Arterial enhancement Decreased (35%) NA NA 

 Venous enhancement Decreased (49%) NA Unspecified decrease in 
enhancement 

 ADC value Increased (20%) NA NA 

 
Table 6.3 Comparison of our criteria with currently accepted criteria 
EASL indicates European Association for the Study of Liver Disease; NA, not analyzed. 
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Figure 6.1 Changes in enhancement and ADC value after TACE.  
(A) Gadolinium-enhanced image (TR/TE, 5.1 milliseconds/1.2 milliseconds) shows a 2.2-
cm mass (arrow) in the right lobe posteriorly, with almost complete (100%) enhancement.  
(B) Diffusion-weighted image (TR/TE, 6500/110 milliseconds) shows a hypointense mass 
(arrow). The ADC value was 1.27 × 10-3 mm2/sec.  
(C) Unenhanced CT of the abdomen after TACE shows low (<50%) deposition of iodized 
oil in the mass. Most lipiodol was deposited in the surrounding liver parenchyma (arrow).  
(D) Gadolinium-enhanced image (TR/TE, 5.1/1.2 milliseconds) after TACE shows 
significant decrease (greater than 90%) in enhancement. Minimal residual enhancement 
persists in the periphery (arrow). Notice that the mass is unchanged in size.  
(E) Diffusion-weighted image (TR/TE, 6500/110 milliseconds) after TACE shows 
significant increase in signal intensity of the mass (arrow). The ADC value was 2.75 × 10-3 
mm2/sec, confirming increasing cellular necrosis. 
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ABSTRACT 
 
OBJECTIVE:  
The purpose of this study was to assess the utility of assessment of tumor 
size and enhancement with diffusion-weighted and conventional MRI in the 
evaluation of response to transarterial chemoembolization therapy for 
metastatic ocular melanoma. 
 
CONCLUSION: 
In patients with ocular melanoma and liver metastasis treated with 
transarterial chemoembolization, functional MRI showed significant 

changes in the lesions. These changes included a decrease in tumor 
enhancement and an increase in the apparent diffusion coefficient of the 
tumor, suggesting increasing tumor necrosis and cell death.  
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INTRODUCTION 
 

Ocular melanoma arising from melanocytes in the uvea (uveal 

melanoma) is the most common primary malignant tumor of the eye. The 
incidence in the United States is 4.3 cases per million persons per year. 
Uveal melanoma constitutes 85–95% of ocular melanomas. The reported 5-
year survival rate for ocular melanoma ranges from 31% to 80% (1, 2). The 
liver is the most common site of metastatic disease, with liver metastasis 
occurring in as many as 50% of patients (3, 4). The prognosis of metastatic 
ocular melanoma is poor with median survival periods of 2 months without 
treatment and 5–9 months with treatment (5, 6).  

 
Various treatment techniques exist for patients with metastatic ocular 

melanoma, including surgical resection, systemic chemotherapy, and 
locoregional therapy (7, 8). Monitoring the effectiveness of transarterial 
chemoembolization (TACE), a locoregional therapy, with imaging is 
important in determining treatment success and in guiding future therapy. 
However, imaging techniques and imaging response criteria have been 
limited in giving clinically satisfactory information about the extent of 
tumor necrosis.  

 
The apparent diffusion coefficient (ADC) calculated in diffusion-

weighted MRI has become a promising biomarker of tumor response to 
therapy (9). The ADC is a measure of the mobility of water in tissues. 
Viable tumors are high in cellularity, and the cells have an intact cell 
membrane that restricts the mobility of water molecules and results in a 
relatively low ADC. Conversely, cellular necrosis increases membrane 
permeability, allowing water molecules to move freely and causing a 
relative increase in ADC. Diffusion-weighted MRI has been used to assess 
tumor response after chemotherapy and radiation therapy.  

 
The primary application of diffusion-weighted MRI has been in brain 

imaging (10–12). In the liver, diffusion-weighted imaging has been used to 
characterize focal hepatic lesions and to assess tumor response to 
locoregional therapy (13, 14). We hypothesize that diffusion-weighted MRI 
can be added to contrast-enhanced MRI to determine the presence of cellular 
necrosis and therefore be useful in obtaining information about tumor 
response to TACE. To our knowledge, the use of diffusion-weighted 
imaging in the follow-up of metastatic ocular melanoma has not been 
described. The purpose of our study was to assess the value of diffusion-
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weighted MRI in the evaluation of tumor response to TACE for metastatic 

ocular melanoma. 
 

MATERIALS AND METHODS 
 

Patients 
 

This study was a retrospective analysis of a prospectively collected 
database. The study population consisted of six patients with metastatic 
ocular melanoma who underwent TACE. The criterion for TACE was 
confirmed diagnosis of unresectable metastatic ocular melanoma in patients 
with or without minimally impaired liver function. Patients excluded from 
TACE were those with Eastern Cooperative Oncology Group performance 
status greater than grade 2, encephalopathy, severe variceal bleeding or 
severe ascites, clinically significant thrombocytopenia (platelet count < 
50,000/mL), impaired renal function (creatinine concentration > 2 mg/dL), 
or severe liver failure (advanced Child-Pugh class C or serum bilirubin 
concentration > 2 mg/dL). The study group included all patients treated with 
chemoembolization who underwent contrast-enhanced and diffusion-
weighted MRI before and after treatment. Between January 1, 2003, and 
December 31, 2006, the care of eight patients with metastatic ocular 
melanoma who underwent one or more cycles of TACE was discussed by 
the liver tumor board at our institution, and six of the patients fulfilled the 
inclusion criteria. The other two patients did not undergo MRI after TACE 
and were excluded. The diagnosis of metastatic ocular melanoma was 
confirmed by biopsy of liver metastatic lesions in all patients. Data were 
collected prospectively, and the study was authorized by the institutional 
review board.  

 
Chemoembolization Technique 

 
All chemoembolization procedures were performed by one 

experienced interventional radiologist using the same technique in all 
procedures. A 5-F micropuncture introducer set was used to access the right 
common femoral artery with the Seldinger technique. After a 0.035-inch 
Bentson guidewire was advanced into the abdominal aorta, the needle was 
exchanged for a 5-F vascular sheath, which was placed into the right 

common femoral artery under fluoroscopic guidance. Through the sheath, a 
5-F catheter (Glidecath Simmons-1; Terumo Medical, Somerset, NJ) was 
advanced into the aorta and reformed in the aortic arch. Selective 
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angiography of the celiac axis was performed. The catheter was advanced 
into the hepatic artery branch indicated by the tumor location. If selective 
catheterization was necessary, a 3-F catheter (Renegade Hi-Flow, Boston 
Scientific, Natick, MA) was used.  

 
Once the appropriate catheter (5-F Simmons-1, 3-F microcatheter, or 

other selected catheter) was in position, TACE was performed through the 
catheter to achieve lobar or segmental embolization according to the target 
lesions. A solution containing 100 mg of cisplatin (Platinol; Bristol-Myers 
Squibb, Princeton, NJ), 50 mg of doxorubicin (Adriamycin; Pharmacia 
Upjohn, Kalamazoo, MI), and 10 mg of mitomycin C (Mutamycin C; 
Bedford Laboratories, Bedford, OH) in a 1:1 mixture with iodized oil 
followed by infusion of 300- to 500-µm embolic microspheres 
(Embosphere, Biosphere Medical, Rockland, MA) was administered until 
stasis was achieved.  

 
CT Technique 

 
Within 1 day after chemoembolization, all patients underwent 

unenhanced helical CT (Sensation 16 scanner; Siemens Medical Solutions, 
Malvern, PA). The scanning parameters were 120 kVp, 210 mA, 5-mm 

section collimation, and 5-mm image reconstruction. Technical success of 
the procedure was confirmed with focal deposition of iodized oil in the 
targeted segment or lobe of the liver.  

 
MRI Technique 

 
A 1.5-T MRI scanner (CV/i; GE Healthcare, Milwaukee, WI) and a 

phased-array torso coil. Imaging protocol included T2-weighted fast spin-
echo images (matrix, 256 × 256; slice thickness, 8 mm; interslice gap, 2 
mm; repetition time [TR]/ echo time [TE], 5000/100 msec; receiver 
bandwidth, 32 kHz), breath-hold diffusion-weighted echoplanar images 
(matrix, 128 × 128; slice thickness, 8 mm; interslice gap, 2 mm; b value, 
500 mm2/sec; TR/TE, 5000-6500/110 msec; receiver bandwidth, 32 kHz) 
along the section-select gradient (z-axis), and breath-hold unenhanced and 
contrast-enhanced (0.1 mmol/kg intravenous gadodiamide [Omniscan; GE 
Healthcare, Princeton, NJ]) T1-weighted three-dimensional fat-suppressed 
spoiled gradient-echo images (field of view, 320-400 mm; matrix, 192 × 
160; slice thickness, 4-6 mm TR/TE, 5.1/1.2 msec; receiver bandwidth, 64 
kHz; flip angle, 15º) in the arterial phase (20 seconds) and portal venous 
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phase (60 seconds). Typical acquisition time was a single breath-hold of 30 
seconds to cover the entire liver.  

 
Follow-Up 
 

According to protocol, patients underwent contrast-enhanced and 
diffusion-weighted MRI 4–6 weeks after TACE for assessment of tumor 
response. Patients with near complete tumor necrosis determined by lack of 
enhancement on MRI and an increase in ADC of the lesion did not undergo 
additional treatments and underwent follow-up imaging every 6–8 weeks. 
Patients with residual enhancement whose clinical performance status was 
maintained underwent additional TACE treatments.  

 
Image Analysis 

 
MR image processing and ADC maps were generated with a 

commercially available workstation (Advantage; GE Healthcare, 
Milwaukee, WI). Images were interpreted by consensus of two experienced 
MRI radiologists in the same session. Parameters evaluated included change 
in tumor size, enhancement, and ADC. For patients who underwent more 
than one TACE cycle, the MR images obtained after the last cycle were used 
for comparison.  

 
All target lesions 2 cm or larger in the treated lobe were evaluated; a 

maximum of four lesions per patient were used to ensure independent 

sampling. The target lesions were selected by consensus of two radiologists. 
Target lesions in the treated lobe of the liver were selected. The maximum 
diameter of the targeted lesions was measured with electronic calipers as 
proposed in the Response Evaluation Criteria in Solid Tumors (RECIST). 
Areas of tumor enhancement were considered viable, and areas without 
enhancement were considered necrotic, as suggested by the European 
Association for the Study of the Liver (15). Percentage enhancement was 
based on enhancement seen on the axial arterial and portal venous phase MR 
images with the largest tumor size. Complete absence of enhancement was 
reported as 0%. Enhancement was reported as 25% if there was 25% or less 
enhancement, 50% if more than 25% and up to 50% enhancement, 75% if 
more than 50% and up to 75% enhancement, and 100% if greater than 75% 
enhancement was present.  

 
In cases of lesions that had higher signal intensity than the surrounding 

liver parenchyma on unenhanced T1-weighted images, subtraction was 
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performed to assess for enhancement. ADC maps were generated from the 
diffusion-weighted images side by side with the gadolinium-enhanced 
images, and mean values were recorded by placement of a region of interest 
(ROI) over the entire treated mass seen on the image with the largest lesion 
size. ROIs placed on the diffusion-weighted images were automatically 
generated in the same location on the images with ADC maps. ADC maps of 

normal-appearing liver, spleen, and paraspinal muscle were generated. 
Percentage iodized oil deposition on CT was recorded and reported as 25% 
if 25% or less of the tumor exhibited iodized oil uptake, 50% if more than 
25% and up to 50% of the tumor exhibited uptake, 75% if more than 50% 
and up to 75% of the tumor exhibited uptake, and 100% if 75% or more of 
the tumor exhibited uptake. For patients who had undergone multiple 
iodized oil treatments, the mean maximum iodized oil retention in the 

targeted lesion was recorded.  
 

Statistical Analysis 
 
Statistical analysis was performed with the Stata software package 

(Version 8; Stata, College Station, TX). A paired Student's t test was used to 
compare tumor sizes, degrees of enhancement, and ADCs before and after 

TACE to evaluate tumor response. A paired Student's t test also was used to 
compare ADCs of liver, spleen, and muscle before and after treatment. A 
value of p < 0.05 was considered to indicate statistical significance.  
 

RESULTS 
 
Demographic Information and Tumor Features 

 
A total of 21 lesions were evaluated in six patients (two men, four 

women; mean age, 70 years). All lesions were located in the right lobe of the 
liver. Eleven lesions received a single TACE treatment, seven lesions 
received two cycles of TACE, and three lesions received three cycles of 
TACE. The average duration between preprocedural and postprocedural 
MRI was 79 days (range, 32–161 days). MRI was performed within 16 days 
(range, 1–45 days) before TACE. The mean interval between the last TACE 
treatment and follow-up MRI was 33 days (range, 21–45 days). On T1-
weighted MRI before TACE, 17 lesions were hypointense, three lesions 

were isointense, and one lesion was hyperintense compared with the 
surrounding liver parenchyma. After TACE, 15 lesions were hypointense, 
one lesion was isointense, and six lesions were hyperintense on T1-weighted 
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MRI. On T2-weighted MRI before treatment, 19 lesions were hyperintense 
and two lesions were isointense compared with the surrounding liver 
parenchyma. After TACE, 20 lesions were hyperintense and one lesion was 
isointense on T2-weighted MRI. Mean iodized oil retention within the tumor 
on CT was 45%.  
 
Assessment of Change in MRI Parameters after TACE 

 
On gadolinium-enhanced MRI, overall tumor enhancement on a 

lesion-by-lesion basis in the arterial and portal venous phases decreased 
significantly after TACE (Table 7.1). Arterial phase enhancement decreased 
41% after TACE, and the decrease was statistically significant (p = 0.0002). 
Venous phase enhancement decreased 56%, also statistically significant (p < 
0.0001). Diffusion-weighted MRI was useful in monitoring response after 
treatment. The mean tumor ADC increased 48% after TACE (p = 0.0003), 
whereas the ADC remained unchanged in nontumorous liver, spleen, and 
muscle (Fig 7.1A-G, Table 7.1). Figure 7.2 shows changes in ADC after 
treatment. Although mean tumor size decreased 16% from 4.9 to 4.1 cm 
after TACE, none of the lesions met the RECIST for complete response 
(disappearance of all measurable disease), and only eight lesions were 
considered partial responders (> 30% decrease in size). 

 

DISCUSSION  
 

The overall prognosis among patients with primary ocular melanoma 

is good. However, liver metastasis develops in 40–50% of the patients and is 
related to a poor median survival time of 2–9 months (5, 6). Among these 
patients TACE can result in clinically significant regression of hepatic 
metastasis and lengthen overall survival (7). In this setting it is critical to 
assess tumor response. Studies have shown that diffusion-weighted MRI can 
be used to identify and characterize hepatic lesions and assess tumor 
response after locoregional therapy (16). The objective of our study was to 
use the criteria of iodized oil deposition, tumor size, and tumor enhancement 
to assess the utility of diffusion-weighted and conventional MRI in the 
evaluation of tumor response after TACE for metastatic ocular melanoma. 
Our results indicate that diffusion-weighted and contrast-enhanced MRI can 
be used to detect tumor necrosis before reduction in tumor size occurs.  

 
Several imaging techniques are used in traditional assessment of tumor 

response. One of the RECIST is change in tumor size on CT or MRI. 
Patients who have complete disappearance of all disease are considered 
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responders. Partial response requires a greater than 30% decrease in tumor 
size. After TACE, however, many lesions do not initially decrease in size. 
To address this issue, the European Association for the Study of the Liver 
has officially recommended the use of lesion enhancement on contrast-
enhanced CT as the standard factor for determining treatment response after 
locoregional therapy (15). Enhanced portions of the tumor are presumed to 

be viable, whereas unenhanced portions are presumed necrotic. However, 
accumulation of iodized oil after TACE limits the use of enhancement on 
contrast-enhanced CT. At our institution we therefore use contrast-enhanced 
MRI to evaluate enhancement after TACE.  

 
Our data showed that none of the treated lesions was considered a 

complete responder on the basis of RECIST. Therefore, our results suggest 
that the RECIST are not useful in determining early tumor response after 
TACE. Contrast-enhanced MRI depicts areas of tumor enhancement with 
extracellular contrast agents. Hepatic metastatic lesions of ocular melanoma, 
however, are already hyperintense on T1-weighted images, and this factor 
may interfere with accurate determination of contrast enhancement on 
nonsubtracted images. In this study we saw a significant decrease in 
enhancement after TACE, indicating that tumor enhancement can be used as 

a predictor of tumor response.  
 
The mobility of water molecules in tissues is represented by the ADC 

on diffusion-weighted MRI. This value provides insight into tumor 
microstructure. Viable tumors contain cells with an intact cell membrane 
that restricts water mobility and causes low ADCs. Conversely, cellular 
necrosis increases membrane permeability, which increases the ADC. These 
characteristics are used to detect cellular necrosis before size regression 
occurs (17). Our study showed a significant increase in ADCs of the lesions 
after treatment, indicating marked cellular necrosis in response to therapy. 

The ADCs of normal liver tissue, spleen, and muscle showed no significant 
changes after treatment.  

 
This study had several limitations. First, the patient population was 

relatively small, so further studies with a larger sample size are needed to 
confirm our conclusions and to stratify patients into responders and 
nonresponders. The objective would be to establish a cutoff value between 
the two groups. A second limitation was possible selection bias, because 
only patients who underwent MRI before and after treatment were included 
in the study. Another limitation was the lack of histopathologic correlation 
of the lesions after chemoembolization. For ethical reasons, we did not 
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obtain histologic correlation in this study. In addition, we could not confirm 

that the changes in ADC were due only to cellular necrosis and not to oil 
deposition within the tumor. Our results, however, are in line with those of a 
previous evaluation of the use of diffusion-weighted imaging after 90Y-
microsphere treatment without oil deposition (18). Changes in ADC 
occurred only in the targeted tumors, whereas the nontargeted tumors in the 
contralateral lobe of the liver had no change in ADCs. Therefore, we believe 
that these changes are due to cellular necrosis resulting from the targeted 
therapy. Last, we did not perform a reproducibility analysis of our imaging 
sequence because it was not one of the study objectives. However, our 
results are in line with those of a previous work (19) that showed an increase 
in ADC values after locoregional therapy.  

 
Our results indicate that diffusion-weighted MRI can be useful for 

assessing tumor response after TACE in patients with metastatic ocular 
melanoma. 
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TABLES & FIGURES  

 
Table 7.1 Mean changes in tumor size, enhancement, and ADC value after TACE 
Note—Values in parentheses are SD. ADC = apparent diffusion coefficient, TACE = 
transarterial chemoembolization.  
* Paired Student's t test.  
 

 
 

  
Feature 

Before 
Treatment 

After Treatment Percentage 
Change 

 
p* 

      

 Size of mass (cm) 4.90 (3.2) 4.10 (3.3) 16 0.003 

 Percentage enhancement of mass     

 Arterial phase 64 (31) 23 (25) 41 0.0002 

 Venous phase 93 (12) 37 (34) 56 < 0.0001 

 ADC (x 10-3 mm2/sec)     

 Mass 1.57 (0.62) 2.32 (0.86) 48 0.0003 

 Liver 1.88 (0.33) 1.79 (0.26) 5 0.13 

 Spleen 1.21 (0.34) 1.33 (0.30) 10 0.21 

 Muscle 1.78 (0.29) 1.72 (0.26) 3 0.33 
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Figure 7.1 60-year-old woman with hepatic metastases from ocular melanoma. Changes in 
enhancement and apparent diffusion coefficient after transarterial chemoembolization.  
(A)Gadolinium-enhanced arterial phase MR image (TR/TE, 5.1/1.2) shows 3.1-cm mass 
(arrow) in left lobe with almost complete (100%) enhancement. 
(B) Diffusion-weighted MR image (6,500/110) shows hyperintense mass (arrow).  
(C) After placement of region of interest on entire mass (arrow), apparent diffusion 
coefficient is 0.00138 mm2/sec. 
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Figure 7.1 (continued) 60-year-old woman with hepatic metastases from ocular 
melanoma. Changes in enhancement and apparent diffusion coefficient after transarterial 
chemoembolization.  
(D) Unenhanced CT scan of abdomen shows intense deposition of iodized oil in mass 
(arrow) after transarterial chemoembolization. 
(E) Gadolinium-enhanced arterial phase MR image (TR/TE, 5.1/1.2) after transarterial 
chemoembolization shows significant decrease in enhancement of mass (arrow), now less 
than 10%. Size of mass decreased slightly to 2.9 cm. 
(F) Diffusion-weighted MR image (6,500/110) after transarterial chemoembolization. 
(G) After placement of region of interest on entire mass (arrow), apparent diffusion 
coefficient is 0.00229 mm2/sec, confirming increasing cellular necrosis. 
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Figure 7.2 Graph shows changes in apparent diffusion coefficient after treatment. ADC = 
apparent diffusion coefficient. 
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ABSTRACT 
 
PURPOSE:  
The aim of our study was to compare the influence of partial hepatectomy, 
intra-arterial treatment with 3-BrPA and TACE on regional and distant 
metastases. In order to achieve our objective, we tested the feasibility of 
both resection, intra-arterial therapy with 3-BrPA and TACE of VX2 liver 
cancer in New Zealand white rabbits. 
 
MATERIALS AND METHODS: 
VX2 tumors were implanted in the left lateral lobe of the liver of 20 rabbits. 
Tumors were allowed to grow for 14 days. Rabbits were divided in four 
groups. Group 1 (n = 2) was sacrificed 14 days post implantation. Group 2, 
3 and 4 (n = 6 per group) underwent left lateral hepatectomy, a 1 h intra-
arterial infusion with 3-BrPA and TACE respectively. Animals in groups 2, 
3 and 4 were further subdivided into three groups of two animals each 
corresponding to the time-point of sacrifice after the procedure (7, 14 and 
21 days respectively). After sacrifice, organs were harvested, fixed and 
analyzed. 
 
RESULTS: 
Pathologic examination showed lung metastases in all 20 rabbits. 
Abdominal cavity dissemination was seen in five rabbits in Group 2, two 
rabbits in Group 3 and all rabbits in Group 4. Kidney metastases were seen 
in two rabbits treated with TACE (Group 4). 
 
CONCLUSION: 
The VX2 rabbit model of liver cancer is a suitable model to compare the 
influence of partial hepatectomy, intra-arterial treatment with 3-BrPA and 
TACE on tumor recurrence in the form of regional and distant metastases. 
Our results indicate that intra-arterial delivery of 3-BrPA may result in a 
favorable metastatic profile when compared to both liver resection and 
TACE. 
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INTRODUCTION 
 

Hepatocellular carcinoma (HCC) is the fifth most common cause of 
mortality from cancer worldwide and is responsible for about one million 
deaths yearly (1, 2). The number of cases of HCC will rise dramatically over 
the next 10–15 years in North America because of the high prevalence of 
chronic hepatitis infections (3). Liver resection and transplantation are 
currently considered the only two potentially curative treatments for this 
cancer (4, 5).  

 
For the treatment of unresectable HCC or intrahepatic recurrences, 

several effective therapeutic modalities (such as transcatheter arterial 
chemoembolization [TACE] and radiofrequency ablation) are widely 
employed (6). Currently, however, TACE is not utilized in patients with 
resectable disease confined to the liver. From an oncology point of view, 
evaluating the therapeutic efficacy of TACE for patients with resectable 
disease requires a comparison with resection in a randomized controlled 
study. However, such an approach would raise critical ethical concerns. 
Therefore, a suitable animal model, to compare these two treatment 
modalities is of high importance. This animal model should allow direct 
access to the tumor feeding artery, in order to provide a route for intra-
arterial infusion. The VX2 liver tumor model in the rabbit is currently the 
most suitable animal model that allows access to the tumor feeding hepatic 
artery, which is necessary to study intra-arterial therapies. Unfortunately, 
human HCC does not grow in a rabbit liver, due to the rabbit’s intact 
immune system.  

 
With the recent progress in diagnostic modalities, pre- and 

postoperative treatment, and operative techniques, the results of resection 
and TACE for patients with HCC have been improving steadily (7, 8). 
However, the long-term prognosis remains poor in most series, with 5-year 
overall survival rates of 33–69% and 5-year recurrence rates approaching 
70% after resection (9-12). Tumor recurrence may present in the form of 
metastatic foci in distant organs, such as the lungs, brain, and bone (13). 
Therefore it is important to identify new aggressive agents for patients with 
HCC. One such novel agent, 3-bromopyruvate (3-BrPA), a known inhibitor 
of glycolysis, has proven to be effective in the treatment of VX2 liver cancer 
in rabbits, when administered intra-arterially (14).  
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The aim of our study was to compare the influence of partial 
hepatectomy, intra-arterial treatment with 3-BrPA and TACE on tumor 
recurrence in the form of regional and distant metastases. In order to achieve 
our objective, we tested the feasibility of both resection, intra-arterial 
therapy with 3-BrPA and TACE of VX2 liver cancer in New Zealand white 
rabbits.  
 

MATERIALS AND METHODS 
 

All animals received human care and all the experimental procedures 
were performed according to our Institutional Guidelines. 

 
Tumor Implantation 

 
Adult New Zealand white rabbits weighing 8–9 lbs (n = 20; Myrtle’s 

Rabbitry, Thompson’s Station, TN) were used for this study. For successful 
implantation of the VX2 tumor into the liver, the tumor was first grown for 
2 weeks in the hind leg of a carrier rabbit. Before tumor implantation all 
rabbits were anesthetized with a mixture of acepromazine (2.5 mg/kg 
Phoenix, St Joseph, MO) and ketamine hydrochloride (44 mg/kg, Phoenix) 
administered i.m.; i.v. access was gained via a marginal ear vein and sodium 
pentobarbital (Abbott Laboratories, Abbott Park, IL) was given to maintain 
anesthesia. The abdomen was shaved and prepped in a sterile fashion. A 
midline subxyphoid incision was made. The left lateral lobe of the liver was 
exposed and the VX2 tumor excised from a carrier rabbit was minced and 
implanted into the left lobe of the liver using the outer cannula of a 21-
gauge angiocatheter. The abdomen was closed in 2 layers.  

 
Experimental Design 

 
All rabbits underwent ultrasound examination to confirm the presence 

of a liver tumor 14 days after implantation. Rabbits were divided in four 
groups. Group 1 (n = 2) was sacrificed 14 days post implantation to assess 
for the presence of metastases. Rabbits in group 2 (n = 6) underwent left 
lateral hepatectomy 14 days post implantation, and were sacrificed 7, 14 and 
21 days respectively, after the procedure. Rabbits in group 3 (n = 6) 
underwent a 1 h intra-arterial infusion with 3-BrPA 14 days post 
implantation, and were sacrificed 7, 14 and 21 days respectively, after the 
procedure. Rabbits in group 4 (n = 6) underwent TACE 14 days post 
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implantation, and were sacrificed 7, 14 and 21 days respectively, after the 
procedure.  

 
Partial Hepatectomy 

 
Fourteen days after tumor implantation a laparotomy was performed 

in six animals under general anesthesia and with aseptic operative 
techniques. Heart and respiration rates, were continuously monitored 
throughout the procedure. The animal was prepped and draped in a sterile 
fashion. A midline incision from xyphoid to umbilicus was made. The 
falciform and left triangular ligaments were divided to help free the right 
and left lateral lobe of the liver. The inferior surface of the liver was 
completely isolated from the stomach and the gut by means of gauzes. The 
circulation in the left lateral liver lobe was interrupted by ligation of the 
hilar vessels with a 2–0 silk tie. Subsequently the ligated lobe was resected 
about 5 mm distal to the ligature. Blood which drained from the excised 
liver was sponged from the abdominal cavity and the ligated pedicles 
inspected for complete hemostasis. The incision was closed in two layers.  

 
Intra-arterial Delivery Protocol 

 
Fourteen days after tumor implantation a laparotomy was performed 

under general anesthesia and with aseptic operative techniques. 
Transcatheter hepatic artery infusion of 3-BrPA was performed under 
fluoroscopic guidance. The animals were brought to the angiography suite 
and incubated by using a 3.0-mm endotracheal tube (Mallinkrodt Medical, 
St Louis, MO) but not ventilated. Surgical cutdown was performed to gain 
access into the right common femoral artery, after which a 3-F sheath 
(Cook, Bloomington, Ind) was inserted. A 2-F JB1 catheter (Cook) was 
manipulated into the celiac axis, after which a celiac arteriogram was 
obtained to delineate the blood supply to the liver and confirm the location 
of the tumor. The tumor could readily be visualized as a region of 
hypervascular blush located on the left side of the liver near the gastric 
fundus. The left hepatic artery, which provides most of the blood flow to the 
tumor, was selectively catheterized via the common hepatic artery by using 
a Transcend guide wire (Boston Scientific, Natick, Mass.).  

 
Intra-arterial Infusion with 3-BrPA 

 
After the catheter was adequately positioned within the left hepatic 

artery, a syringe containing 25 ml of 1.75 mM 3-BrPA was connected to the 
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end of the JB1 catheter and carefully placed and adjusted on an infusion 
syringe pump (Harvard Apparatus model 11 infuse/withdraw single syringe 
pump; Instech Solomon, Plymouth Meeting, Pa). The infusion rate was set 
to 25 ml per h. During the infusion, maintenance of appropriate positioning 
of the catheter in the hepatic artery was monitored with fluoroscopy. After 
completion of the infusion the catheter was removed and the common 
femoral artery was ligated. All rabbits were monitored during and after the 
procedure and given analgesics when they showed signs of physical distress.  

 
TACE 

 
After the catheter was adequately positioned within the left hepatic 

artery, a mixture of doxorubicin (Bedford Laboratories, Bedford, Ohio; 5 
mg) and iodized oil (Ethiodol, 0.5 ml; Savage Laboratories, Melville, New 
York) was injected, followed by embolization with Embosphere particles 
(Biosphere Medical, Rockland, MA) until flow reduction was observed. 
After completion of the TACE the catheter was removed and the common 
femoral artery was ligated. All rabbits were monitored during and after the 
procedure and given analgesics when they showed signs of physical distress.  

 
Pathology 

 
After partial hepatectomy, the resected lobe was macroscopically 

inspected and multiple specimens from the resection margin, healthy liver 
and tumor were fixed in formalin, embedded in paraffin, stained with 
hematoxylin–eosin and evaluated with a light microscope.  

 
After euthanization, the abdomen of all rabbits was opened and 

inspected for metastases. The primary tumor (if present), lungs, heart, liver, 
spleen and kidneys were removed and weighed. The number of macroscopic 
metastases was determined per organ. Multiple biopsy specimens from the 
primary tumor (if present) lungs, heart, liver, spleen and kidneys, were fixed 
in formalin, embedded in paraffin, stained with hematoxylin–eosin (H&E) 
and evaluated with a light microscope.  

 
RESULTS 

 
In all 20 rabbits a solid liver tumor was seen on ultrasound 

examination 14 days after implantation (Fig 8.1).  
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Partial Hepatectomy 

 
All six partial hepatectomies were successful in removing the tumor 

completely. No complications occurred during the procedure or during the 
follow-up period (Fig 8.2). Blood loss during the procedure was minimal. 
Mean procedure time was 20 min. At macroscopic examination a resection 
margin of at least 1 cm was observed in all animals.  
 
Intra-arterial Infusion with 3-BrPA 

 
In all six rabbits catheterization of the left hepatic artery was 

successful. The 1 h infusion with 25 ml of 1.75 mM 3-BrPA was tolerated 
well. All animals recovered without complications.  

 
TACE 

 
In all six rabbits catheterization of the left hepatic artery was 

successful. The TACE procedure was tolerated well. All animals recovered 
without complications.  

 
Pathology 

 
Results of pathologic examination of the two rabbits that were 

sacrificed 14 days after tumor implantation are shown in Table 8.1. 
Pathologic analysis showed the presence of lung metastases in one rabbit. 
None of the rabbits had abdominal cavity, kidney or brain metastases.  
 

Results of pathologic examination of the rabbits that underwent partial 
hepatectomy are shown in Table 8.2. Pathologic analysis showed the 
presence of lung metastases in six of the six rabbits (Fig 8.3). Abdominal 
cavity dissemination was seen in one of the rabbits that were sacrificed 7 
days after partial hepatectomy and in all rabbits that were sacrificed 14 and 
21 days after partial hepatectomy. Local recurrence near the resection 
margin was seen in one rabbit that was sacrificed 7 days after partial 
hepatectomy. None of the rabbits had kidney or brain metastases.  
 

Results of pathologic examination of the rabbits that underwent intra-
arterial infusion with 3-BrPA are shown in Table 8.3. Pathologic analysis 
showed the presence of lung metastases in six of the six rabbits (Fig 8.4). 
Abdominal cavity dissemination was seen in none of the rabbits that were 
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sacrificed 7 days after the infusion and in one rabbit that was sacrificed 14 
days after infusion and in one rabbit that was sacrificed 21 days after 
infusion. None of the rabbits had kidney or brain metastases. Pathologic 
analysis of the liver tumor showed that their primary liver tumors had not 
grown from baseline, were mostly necrotic and surrounded by a capsule 
(Fig 8.5).  
 

Results of pathologic examination of the rabbits that underwent TACE 
are shown in Table 8.4. Pathologic analysis showed the presence of lung 
metastases in six of the six rabbits (Fig 8.6). Abdominal cavity 
dissemination was seen in all rabbits. Kidney metastases were present in 
two of the six rabbits. None of the rabbits had brain metastases. Pathologic 
analysis of the primary liver tumor showed only partial necrosis, with an 
increase in tumor size corresponding to the time-point of sacrifice (Fig 8.7).  
 

DISCUSSION 
 

The present study aimed to compare the impact of partial 
hepatectomy, intra-arterial treatment with 3-BrPA and TACE on tumor 
recurrence in the form of regional and distant metastases. The VX2 rabbit 
model of liver cancer has proven to be suitable for the study of intra-arterial 
approaches. In order to achieve our objective of comparing partial 
hepatectomy to two forms of intra-arterial therapies, we tested the feasibility 
of partial hepatectomy in rabbits bearing VX2 liver cancer.  

 
The success of scientific research, as measured by the ability to 

correctly obtain the answers to important questions, is predominantly 
influenced by the quality and availability of appropriate models. In the case 
of medical research, this frequently involves selecting the best available 
animal model. Model selection is perhaps the most essential step in 
determining the success of a research venture. An ideal model should satisfy 
several criteria: it should be truly representative or a close approximation of 
the condition being studied; it should permit necessary tests or procedures to 
be performed.  

 
The rabbit VX2 tumor model, an orthotopic model of liver cancer, 

was developed in 1940 from a papilloma virus-transformed keratinocyte 
(15). VX2 tumors have been shown to exhibit fast tumor growth and 
extensive metastases in a short time (16, 17). The main advantages of the 
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VX2 liver tumor model are a straightforward tumor-inoculation technique 
and a higher incidence of tumor metastases (18). Therefore, we further 
developed the VX2 model to be used in studies focusing on tumor therapy, 
especially on therapy of recurrent HCC after partial liver resection.  

 
For in vivo experiments, rabbits readily allow surgical procedures 

and/or repeated, blood sampling and can carry a much greater tumor burden 
(particularly with orthotopic tumors) than small rodents, thereby increasing 
both the time available to study the tumor and the amount of tumor tissue 
obtainable. More importantly, rabbits allow direct access for intra-arterial 
delivery of anti-cancer treatments. Our study showed that partial 
hepatectomy was a straightforward and feasible procedure on rabbits. The 
techniques required for our model are simple and reproducible. All 
procedures can be carried out quickly. Our method was associated with no 
procedure related animal mortality and is favorable for a large scale 
application.  

 
Although liver resection and liver transplant are the first choice of 

treatment for patients with HCC, recurrence is still a major setback of these 
approaches (11). TACE has proven to significantly improve survival in 
patients with unresectable HCC (19). However, it is unclear whether 
patients with surgically resectable HCC should always be treated with 
hepatectomy as opposed to TACE. Our results show that TACE caused only 
partial necrosis in the primary liver tumor. Furthermore, when compared to 
resection, more rabbits receiving TACE presented with abdominal and 
kidney metastases. One possible explanation for this finding is that in our 
study rabbits only received one TACE treatment, whereas in the clinical 
setting, TACE treatments typically are repeated until tumor response is 
achieved (19).  

 
In previous studies we showed that 3-BrPA acts as an irreversible 

inhibitor of glycolytic enzymes (20). Many cancer types, including HCC, 
are associated with a high glycolytic rate and therefore are ideal targets for 
3-BrPA (21). Moreover, we established intra-arterial delivery of 25 ml, 1.75 
mM 3-BrPA over 1 h as the optimal method of delivery (14). In this study 
we compared this treatment regimen to resection and TACE. Our results 
indicate that rabbits treated with 3-BrPA exhibit less abdominal metastases 
than rabbits treated with either resection or TACE. Kidney and brain 
metastases after 3-BrPA treatment were absent which was comparable to 
resection and superior to TACE. Interestingly, all animals showed lung 
metastases. This finding suggests that metastatic spread in the VX2 liver 
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tumor model is a result of hematogenic rather than local seeding. Clinically, 
lung metastases are known to be an important metastatic pathway of HCC.  

 
After successful surgical resection of the primary liver tumor, HCC 

may recur in various distant sites such as lungs, brain and abdominal cavity. 
Whenever metastases are present, patients are essentially incurable and 
current treatment strategies are unsatisfactory (22, 23). The described 
method of left lateral hepatectomy could be useful as an animal model to 
test new anti-cancer agents for this patient group. Our results indicate that 
this animal model reflects the recurrent metastatic features of HCC after 
liver resection. Furthermore, this model uses animals with tumor material 
implanted in orthotopic sites which offers better tumorigenicity and 
metastatic potential (24, 25).  

 
This study has several limitations. First, our sample size was relatively 

small, so further studies with a larger sample size are needed to confirm our 
conclusions. However, our results are in line with previous studies on intra-
arterial therapy with 3-BrPA (14, 26). Second, the VX2 tumor used in our 
study is of non-hepatic origin. However, it has proven to be convenient to 
study liver cancer in the animal because of the similarities in blood supply, 
genotype and metabolism to advanced human HCC.  

 
CONCLUSION 

 
The VX2 rabbit model of liver cancer is a suitable model to compare 

the influence of partial hepatectomy, intra-arterial treatment with 3-BrPA 
and TACE on tumor recurrence in the form of regional and distant 
metastases. Our results indicate that intra-arterial delivery of 3-BrPA may 
result in a favorable metastatic profile when compared to both liver 
resection and TACE.  
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TABLES & FIGURES  
 
 
  

Animal ID 
Days Post 

Implantation 
 

Lung 
Abdominal 

Cavity 
 

Kidney / Brain 
Liver 

Recurrence 

       

 1 14 Y N N N/A 

 2 14 N N N N/A 

 
Table 8.1 Overview of metastases in control animals on pathologic examination. 
 
 
  

Animal ID 
Days Post 

Implantation 
 

Lung 
Abdominal 

Cavity 
 

Kidney / Brain 
Liver 

Recurrence 

       

 1 21 Y Y N Y 

 2 21 Y N N N 

 3 28 Y Y N N 

 4 28 Y Y N N 

 5 35 Y Y N N 

 6 35 Y Y N N 

 
Table 8.2 Overview of metastases on pathologic examination in animals that underwent a 
partial hepatectomy.  
 
 

  
Animal ID 

Days Post 
Implantation 

 
Lung 

Abdominal 
Cavity 

 
Kidney / Brain 

      

 1 21 Y N N 

 2 21 Y N N 

 3 28 Y N N 

 4 28 Y Y N 

 5 35 Y N N 

 6 35 Y Y N 

 
Table 8.3 Overview of metastases on pathologic examination in animals that underwent an 
intra-arterial infusion with 25 ml of 1.75 mM 3-BrPA.  
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Animal ID 

Days Post 
Implantation 

 
Lung 

Abdominal 
Cavity 

 
Kidney 

 
Brain 

       

 1 21 Y Y N N 

 2 21 Y Y N N 

 3 28 Y Y Y N 

 4 28 Y Y N N 

 5 35 Y Y N N 

 6 35 Y Y Y N 

 
Table 8.4 Overview of metastases on pathologic examination in animals that underwent 
TACE  
 
 

 
 
Figure 8.1 Ultrasound of liver tumor 14 days after implantation shows a 2.7 by 2.4 cm 
slightly hyperechoic hepatic VX2 tumor (arrow)  
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Figure 8.2 (A) Shows the midline incision from xyphoid to umbilicus. (B) Shows the 
isolation of the inferior surface of the liver from the stomach and the gut by means of 
gauzes. (C) Shows the ligation of the hilar vessels with a 2–0 silk tie in order to interrupt 
the circulation in the left lateral liver lobe. (D) Shows the resected left liver lobe.  
 
 

 
 
Figure 8.3 H&E stained slide of a typical lung metastasis after partial hepatectomy.  
 



CHAPTER 8 – DEVELOPMENT OF A NEW ORTHOTOPIC ANIMAL MODEL OF METASTATIC LIVER 

CANCER IN THE RABBIT VX2 MODEL: EFFECT ON METASTASES AFTER PARTIAL 

HEPATECTOMY, INTRA-ARTERIAL TREATMENT WITH 3-BROMOPYRUVATE AND 

CHEMOEMBOLIZATION 

138 

 

 
 
Figure 8.4 H&E stained slide of a typical lung metastasis after intra-arterial treatment with 
3-BrPA.  
 
 

 
 
Figure 8.5 H&E stained slide of a VX2 liver tumor treated with 3-BrPA, consisting of 
necrotic cells surrounded by a capsule (arrow).  
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Figure 8.6 H&E stained slide of a typical lung metastasis after TACE.  
 
 

 
 
Figure 8.7 H&E stained slide of a VX2 liver tumor treated with TACE, consisting of both 
viable and necrotic areas.  
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ABSTRACT 
 
PURPOSE:  
The aim of this study was to determine the biodistribution and tumor 
targeting ability of 14C-labeled 3-bromopyruvate ([14C]3-BrPA) after i.a. 
and i.v. delivery in the VX2 rabbit model. In addition, we evaluated the 
effects of [14C]3-BrPA on tumor and healthy tissue glucose metabolism by 
determining 18F-deoxyglucose (FDG) uptake. Last, we determined the 
survival benefit of i.a. administered 3-BrPA. 
 
MATERIALS AND METHODS: 
In total, 60 rabbits with VX2 liver tumor received either 1.75 mM [14C]3-
BrPA via intra-arterial administration., 1.75 mM [14C]3-BrPA via 
intravenous administration, 20 mM [14C]3-BrPA via intravenous 
administration, or 25 ml of phosphate-buffered saline (PBS). All rabbits 

(with the exception of the 20 mM intravenous group) received FDG 1 h 
before sacrifice. Next, we compared survival of animals treated with intra-
arterially administered 1.75 mM [14C]3-BrPA in 25 ml of PBS (n = 22) with 
controls (n = 10). 
 
RESULTS: 
After intra-arterial infusion, tumor uptake of [14C]3-BrPA was 1.8 ± 0.2% 
percentage of injected dose per gram of tissue (%ID/g), whereas other 
tissues showed minimal uptake. After intravenous infusion (1.75 mM), tumor 
uptake of [14C]3-BrPA was 0.03 ± 0.01% ID/g. After intra-arterial 
administration of [14C]3-BrPA, tumor uptake of FDG was 26 times lower 
than in controls. After intravenous administration of [14C]3-BrPA, there was 
no significant difference in tumor FDG uptake. Survival analysis showed 
that rabbits treated with 1.75 mM 3-BrPA survived longer (55 days) than 
controls (18.6 days). 
 
CONCLUSION: 
Intra-arterially delivered 3-BrPA has a favorable biodistribution profile, 
combining a high tumor uptake resulting in blockage of FDG uptake with no 
effects on healthy tissue. The local control of the liver tumor by 3-BrPA 
resulted in a significant survival benefit. 
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INTRODUCTION 
 

The knowledge that cancer cells rely on increased glycolysis rather 
than oxidative phosphorylation for survival is known as "The Warburg 
Hypothesis" (1). This concept constitutes the basis for using glycolysis and 
its associated enzymes as targets for the development of new anticancer 
therapeutic agents (2, 3). In our previous studies, we showed that 3-
bromopyruvate (3-BrPA) acts as an irreversible inhibitor of metabolic 
enzyme(s) associated with glycolysis (4, 5). Furthermore, we established the 
therapeutic dose [1.75 mM in 25 ml of phosphate-buffered saline (PBS) and 
optimal method of delivery (continuous i.a. infusion for 1 h)] of 3-BrPA in a 
rabbit VX2 model of liver cancer based on pathology (6). However, the 

impact of this treatment strategy on animal survival remains unknown. This 
information is critical to further develop this approach to the clinic.  

 
Transarterial therapy is one of the most frequently used locoregional 

treatment options in patients with hepatocellular carcinoma (7). The main 
advantage of transarterial delivery of anticancer agents over systemic 
chemotherapy is the fact that these agents are not infused i.v. throughout the 

systemic circulation but rather administered locally via the hepatic artery. 
Thereby, the concentration of the agent within the tumor tissue can be 10 to 
100 times higher after i.a. delivery than after systemic delivery (8, 9). 

Because i.a. delivery of 3-BrPA is more complex than the more classic 
systemic administration, a thorough evaluation of the expected advantages 
should be made, thereby justifying a detailed pharmacokinetic and 
biodistribution analysis.  

 
A recent study demonstrated that 18F-deoxyglucose (FDG)-positron 

emission tomography (PET) can be a useful modality for the early 

evaluation of the antitumor effect of i.a. administration of 3-BrPA in VX2 
liver tumor (10). The use of PET with the glucose analog FDG is based on 
the recognition that tumor cells have an increased glucose metabolism (11, 
12). Increased FDG uptake is considered to be indicative of the presence of 
a metabolically active tumor, whereas lack of FDG uptake indicates tumor 
cell death.  

 
The aim of this study was to determine and compare the 

biodistribution as well as tumor targeting ability of 14C-labeled 3-BrPA 
([14C]3-BrPA) delivered either i.a. or i.v. delivery in the VX2 model of liver 

cancer. In addition, we evaluated the effects of [14C]3-BrPA on tumor and 
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healthy tissue glucose metabolism by determining FDG uptake. Last, we 
determined the survival benefit of intra-arterially administered 3-BrPA in 
the rabbit VX2 model of liver cancer. 
 

MATERIALS AND METHODS 
 

Study Design 
 
Two distinct experiments were carried out. The first experiment (n = 

60) was designed to assess the biodistribution profile of [14C]3-BrPA and to 
monitor its influence on FDG uptake. The second experiment (n = 32) was 
designed to document the survival benefit of 3-BrPA by comparing survival 
of animals treated with 3-BrPA (n = 22) to controls (n = 10). 

 
Tumor Model 

 
The study was approved by the Animal Care Committee of Johns 

Hopkins University (Baltimore, MD) and in compliance with institutional 
guidelines. Adult New Zealand white rabbits weighing 8 to 9 lbs (n = 92; 
Myrtle's Rabbitry, Thompson’s Station, TN) were used for this study. For 
successful implantation of the VX2 tumor into the liver, the tumor was first 
grown for 2 weeks in the hind leg of a carrier rabbit. Each carrier rabbit was 
used for implantation into the left lobe of the liver of six rabbits. Before 
tumor implantation all rabbits were anesthetized with a mixture of 
acepromazine (2.5 mg/kg; Phoenix, St Joseph, MO) and ketamine 
hydrochloride (44 mg/kg; Phoenix) administered i.m.; intravenous access 
was gained via a marginal ear vein, and sodium pentobarbital (Abbott 
Laboratories, Abbott Park, IL) was given to maintain anesthesia. VX2 tumor 
excised from a carrier rabbit was minced and injected into the left lobe of the 
liver using a 21-gauge angiocatheter. The tumor was allowed to grow for 14 
days in all rabbits before treatment was initiated.  

 
Intra-Arterial Delivery Protocol 

 
The induction and maintenance of anesthesia were carried out as 

described above. Transcatheter hepatic artery infusion of 3-BrPA was 
performed under fluoroscopic guidance. The animals were brought to the 
angiography suite and intubated by using a 3.0-mm endotracheal tube 
(Mallinckrodt Medical, St. Louis, MO) but not ventilated. Surgical cutdown 

was performed to gain access into the right common femoral artery, after 
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which a 3-F sheath (Cook, Bloomington, IN) was inserted. A 2-F JB1 
catheter (Cook) was manipulated into the celiac axis, after which a celiac 
arteriogram was obtained to delineate the blood supply to the liver and 
confirm the location of the tumor. The tumor could readily be visualized as a 
region of hypervascular blush located on the left side of the liver near the 
gastric fundus. The left hepatic artery, which provides most of the blood 
flow to the tumor, was selectively catheterized via the common hepatic 
artery by using a Transcend guide wire (Boston Scientific, Natick, MA).  

 
After the catheter was adequately positioned within the left hepatic 

artery, a syringe containing 3-BrPA was connected to the end of the JB1 
catheter and carefully placed and adjusted on an infusion syringe pump 
(Harvard Apparatus model 11 infuse/withdraw single syringe pump; Instech 
Laboratories, Plymouth Meeting, PA). The infusion rate was set. During the 
infusion, maintenance of appropriate positioning of the catheter in the 
hepatic artery was monitored with fluoroscopy. After completion of the 
infusion the catheter was removed, and the common femoral artery was 

ligated. All rabbits were monitored during and after the procedure and given 
analgesics when they showed signs of physical distress.  

 
Radiolabeling 

 
After screening various radioactive markers, we selected carbon-14 as 

the radiotracer to label 3-BrPA because of its relative ease of synthesis and 
long half-life. The labeling process consisted of incorporating carbon-14 
into pyruvate at the first carbon atom resulting in [1-14C]pyruvate, which 
was then reacted with elemental bromine leading to the synthesis of [14C]3-
BrPA. The radiolabeled analog was purified using normal-phase high-
performance liquid chromatography column. The radiochemical purity of 
the formulated product was determined using analytical high-performance 
liquid chromatography performing four separate infusions: 1) unlabeled 3-
BrPA standard; 2) unlabeled 3-BrPA standard plus [14C]3-BrPA, to 
demonstrate coelution; 3) [14C]3-BrPA alone; and 4) unlabeled 3-BrPA 
standard to demonstrate that the retention time for the product has not 
changed. The chemical purity was >95%. [14C]3-BrPA (15 mCi/mmol) was 
synthesized at PerkinElmer Life and Analytical Sciences (Waltham, MA). 
The chemical structure and the position of the 14C label are shown in Figure 
9.1. 
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In Vivo Biodistribution Studies 
 
Biodistribution studies were performed in 60 rabbits, 14 days after 

tumor implantation. Fifty-four rabbits were divided into three groups of 18 
animals each. Group 1 was treated i.a. with a 1.75 mM mixture of 100 µCi 
of [14C]3-BrPA and 3-BrPA in 25 ml of PBS, group 2 received i.v. infusion 
with a 1.75 mM mixture of 100 µCi of [14C]3-BrPA and 3-BrPA in 25 ml of 
PBS, and group 3 received i.v. infusion with a 20 mM mixture of 100 µCi of 
[14C]3-BrPA and 3-BrPA in 25 ml of PBS. Each group was further 
subdivided into six groups of three rabbits each, corresponding to various 
time points of sacrifice (0, 30, 60, 120, and 240 min and 24 h after the end of 
the infusion). Intravenous infusions were given as a continuous infusion 
over 1 h through a marginal ear vein (infusion rate 25 ml/h). Intra-arterial 
infusions were given as a continuous infusion over 1 h directly in the left 
hepatic artery, using the technique described above (infusion rate 25 ml/h). 
Control rabbits (n = 6) received a 1-h i.v. (n = 3) or i.a. (n = 3) infusion of 25 
ml of PBS.  

 
All rabbits, except 18 rabbits in group 3, received 1 mCi of FDG (0.22 

mCi/kg) via an ear vein 1 h before sacrifice. After sacrifice, blood, normal 
tissues (brain, heart, lung, liver, kidney, spleen, stomach, transverse colon, 
and skeletal muscle) and tumor samples were obtained from each rabbit. The 
tissue samples were weighed, and FDG uptake was evaluated using a 
gamma counter (LKB Wallac, Little Chalfont, Buckinghamshire, UK). To 
correct for radioactive decay and permit calculation of the concentration of 
radioactivity in each organ as a fraction of the administered dose, aliquots of 
the injected dose (ID) were counted simultaneously.  

 
Subsequently, the samples were transferred to scintillation vials, 

dissolved in 1 ml of Solvable solution (PerkinElmer Life and Analytical 
Sciences), and color-treated with hydrogen peroxide. After adding 
scintillation fluid (10 ml) (Ultima Gold; PerkinElmer Life and Analytical 
Sciences), the sample cpm were counted using a liquid scintillation counter. 
The percentage of injected dose per gram of tissue (%ID/g) was calculated 
using the cpm.  

 
Survival Study 

 
Survival studies were performed in 32 animals. Rabbits were divided 

into three groups; study group 1 (n = 19) and a control group (n = 10), all 
treated 14 days after tumor implantation in the liver, and study group 2 (n = 
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3), treated 7 days after tumor implantation. Animals in the study groups (n = 
22) were treated with a 1 h i.a. infusion of 1.75 mM 3-BrPA in 25 ml of 
PBS, whereas animals in the control group (n = 10) received a 1-h i.a. 
infusion of 25 ml of PBS. All rabbits were examined daily for appetite, 
bowel and bladder function, level of activity, and tumor growth. Ten months 
after treatment or when animals became moribund, failed to eat and drink 
for more than 3 days, had weight loss >20%, and displayed apathetic 

behavior, rabbits were sacrificed.  
 

Histologic Analysis  
 
All animals in the survival study were euthanized under deep 

anesthesia by slow injection of a lethal dose (100 mg/5 ml) of sodium 
pentobarbital i.v. Immediately after euthanasia, liver, lungs, heart, liver, 
spleen, and kidneys were removed and weighed. Multiple biopsy specimens 
from the tumor, lungs, heart, liver, spleen, and kidneys, were fixed in 
formalin, embedded in paraffin, stained with hematoxylin and eosin, and 
evaluated with a light microscope.  

 
Statistical Analysis 

 
Data were analyzed by use of SPSS for Windows, version 10.0 (SPSS 

Inc., Chicago, IL). Continuous parameters are reported as mean ± S.D. The 
data for the treatment groups (%ID/g) were compared. Differences between 
groups were tested with the two-sample t test. Median survival was 
calculated from the date of tumor implantation until death. A Kaplan-Meier 

curve was generated. A p value < 0.05 was considered statistically 
significant.  
 

RESULTS 
 
Biodistribution and Tumor Uptake 

 
The detailed biodistribution data of [14C]3-BrPA at 0 min, 30 min, 60 

min, 120 min, 240 min, and 24 h after infusion in VX2 liver tumor-bearing 
rabbits are shown in Table 9.1 (i.a. infusion) and Table 9.2 (i.v. infusion of 
1.75 mM). After i.a. infusion, tumor uptake of [14C]3-BrPA was 1.8 ± 0.2, 
0.7 ± 0.4, 0.5 ± 0.1, and 0.1 ± 0.03% ID/g at 0 min, 30 min, 120 min, and 24 
h, showing tumor retention of the [14C]3-BrPA. Radioactivity levels in the 
blood were 0.12 ± 0.01% ID/g at 0 min after infusion, followed by a rapid 
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clearance by the end of 240 min (0.03 ± 0.02% ID/g). Selective tumor 
targeting resulted in a tumor-to-blood ratio of 15.0 at the end of the infusion, 
which dropped to 3.4 120 min after infusion, but due to rapid blood 
clearance increased to 20.9 240 min after infusion. Uptake of [14C]3-BrPA 
in the nontumorous liver was consistently low, ranging from 0.31 240 min 
after infusion to 0.09 24 h after infusion. Excluding the liver, only the 
kidneys displayed any appreciable retention of radioactivity. There was very 
little radioactive retention in the remaining tissues. Uptake of [14C]3-BrPA 
in the brain was consistently low, with a maximum of 0.009 ± 0.006% ID/g 
60 min after infusion.  

 
After i.v. infusion (1.75 mM), tumor uptake of [14C]3-BrPA was 

significantly lower than after i.a. infusion, measuring 0.03 ± 0.01, 0.04 ± 
0.01, 0.05 ± 0.03, and 0.03 ± 0.02% ID/g at 0 min, 30 min, 120 min, and 24 
h, respectively. Radioactivity levels in the blood were 0.05 ± 0.01% ID/g at 
0 min after infusion, which remained stable over 24 h. Intravenous infusion 
resulted in a tumor-to-blood ratio of 0.6 at the end of the infusion, which 
increased to a peak value of 1.3 at 60 min after infusion, a value that is 16 
times lower than the peak value after intra-arterial administration. Normal 
tissue uptake of [14C]3-BrPA was highest in the kidneys, reaching a peak 
value of 0.16 ± 0.02 at 120 min after infusion.  

 
Intravenous administration with the higher dose (20 mM) did not show 

any significant difference in biodistribution compared with the lower dose 
(1.75 mM). Tumor uptake of [14C]3-BrPA was 0.05 ± 0.01, 0.03 ± 0.02, 
0.07 ± 0.05, and 0.02 ± 0.01% ID/g at 0 min, 30 min, 120 min, and 24 h. 
Tumor uptake of [14C]3-BrPA in all groups is shown in Figure 9.2.  

 
Influence of intra-arterial and intravenous infusion of [14C]3-BrPA on 

FDG tumor uptake compared with controls are shown in Figure 9.3. 

Immediately after i.a. administration of [14C]3-BrPA tumor uptake of FDG 
was 26 times lower compared with tumor uptake of FDG in control animals. 
This ratio reached a peak of 33 at 30 min after infusion and slowly declined 
to 2 at 24 h after infusion. However, after i.v. administration of [14C]3-
BrPA, there was no significant difference in tumor uptake of FDG compared 
with control animals.  
 
Survival 

 
Rabbits treated with 1.75 mM i.a. 3-BrPA survived significantly 

longer than the animals in the control group (Fig 9.4). The mean survival 
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time in the control group was 18.6 days, whereas the mean survival time in 
the treatment group was 55.0 days, showing a statistically significant 296% 
increase in survival for the rabbits treated i.a. with 3-BrPA (p < 0.001).  
 

Histopathologic analysis of the liver in treated animals showed, that 
their primary liver tumors had not grown from baseline and were mostly 
necrotic (Fig 9.5). Furthermore, the surrounding healthy liver tissue showed 
no signs of toxicity (Fig 9.6). In contrast, histopathologic analysis of the 
liver in control animals showed near complete replacement of liver 
parenchyma by tumor with direct extension into adjacent tissues such as the 
diaphragm and lungs. When examining the extent of tumor dissemination, 

we observed widespread metastases in the peritoneum, stomach, intestine, 
and lung in both control and treated animals, indicating that by the time of 
i.a. treatment the tumor had already spread to extrahepatic sites. The cause 
of death in the 3-BrPA-treated animals was attributed to the presence of 
extrahepatic disease, especially in the lungs.  

 
To address this issue, a subgroup of three animals was treated earlier 

in their disease, i.e., 1 week after tumor implantation mimicking earlier stage 
liver cancer in humans. One of three animals showed no evidence of 
recurrence and was considered cured 10 months after treatment. When the 
liver was excised at the time of sacrifice, a small (less than 1 cm) calcified 

lesion was present at the site of the tumor, confirming complete tumor 
destruction. The other two animals did die approximately 80 days after 
implantation but as with the other animals with advanced liver cancer, they 
died of respiratory failure due to the presence of lung metastases.  
 

DISCUSSION 
 
Hepatic arterial therapies have become the mainstay of therapy for 

patients presenting with unresectable hepatocellular carcinoma (13, 14). The 
rationale for hepatic arterial chemotherapy is that the infusion of cytotoxic 
drugs directly into the artery feeding the tumor will maximize tumor 
concentration and minimize systemic toxicity. In a previous study, we 
showed that i.a. delivered 3-BrPA in a concentration of 1.75 mM resulted in 
complete tumor death (6). Because i.a. drug delivery is more complex than 
the classic systemic administration, a pharmacokinetic and biodistribution 
analysis was appropriate. Therefore, the first aim of our study was to 
evaluate the biodistribution of i.a. delivered [14C]3-BrPA and to compare its 
profile with that obtained after i.v. administration.  
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For the success of an anticancer agent, a high tumor uptake and a high 

tumor to normal tissue ratio indicating selective targeting is desirable. The 
data collected in our study showed that i.a. delivery of [14C]3-BrPA resulted 
in the highest tumor uptake, with a maximum of 1.8% ID/g. In contrast, i.v. 
administration of [14C]3-BrPA resulted in significantly lower tumor uptake, 

with a maximum of 0.07% ID/g, even after a 10-fold increase of the dose. 
This convincingly shows the superiority of i.a. delivery over i.v. 
administration in achieving high concentrations of [14C]3-BrPA within the 
tumor. As expected, uptake of [14C]3-BrPA in the liver was higher after i.a. 
delivery, compared with i.v. delivery. However, liver uptake of i.a. 
administered [14C]3-BrPA reached a maximum of only 0.3% ID/g. All 
remaining tissues showed minimal uptake of [14C]3-BrPA after both i.a. and 
i.v. delivery, with the kidney showing the highest uptake of 0.23% ID/g. A 

major finding was the consistently low uptake of [14C]3-BrPA in the high 
metabolic tissue of the brain, indicating that the drug did not cross the 
blood-brain barrier.  

 
FDG is a glucose analog that accumulates in cells in a velocity that is 

dependent on the glycolytic rate of the cell (15, 16). In this study, we used 
FDG to monitor the effects of i.a. and i.v. delivered 3-BrPA on tumor and 
healthy tissue metabolism. Our study showed that neither i.a. nor i.v. 
administration of [14C]3-BrPA influenced the glucose metabolism of healthy 
tissues. However, after i.a. administration, FDG uptake in the tumor was 
blocked during the first 2 h after administration followed by a slow increase 
of FDG uptake, comparable with control levels after 24 h. It is interesting to 
note that this observation may contradict the results of the histopathologic 

analysis in our survival study, which unequivocally showed that the primary 
liver tumors had not grown from baseline and were mostly necrotic. A 
possible explanation is that a few cancer cells remain viable after the 
treatment with 3-BrPA. These cells could have simply been stunned by the 
treatment but not killed. Note that this measurement of FDG activity as 
described in our study is much more sensitive than PET imaging. Isolated 
viable cells may therefore not be able to generate a signal that could be 
detected on PET imaging. Another explanation is that these "stunned" cells 
could indeed be on a way to a certain death but are still able to take up 
glucose for their energy needs. After i.v. administration, tumor uptake levels 
of FDG did not differ from uptake in controls. These results clearly indicate 

selective tumor metabolism targeting of i.a. delivered [14C]3-BrPA, where 
healthy tissues are being spared and confirms the advantage of the i.a. 
delivery method.  
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The uniquely selective targeting properties of 3-BrPA are evident 

compared with those of other conventional chemotherapeutic agents. One 
report using 14C-labeled doxorubicin in a mixture with lipiodol in the same 
VX2 rabbit model showed that almost all of the doxorubicin disappeared 
from the tumor immediately after infusion. Therefore, targeting of the tumor 
by doxorubicin could not be achieved (9).  

 
One possible explanation for the lack of effect of i.v. administered 

[14C]3-BrPA on FDG uptake in the tumor is the lower concentration at the 
tumor site (maximum 0.05% ID/g). To achieve concentrations of [14C]3-
BrPA in the tumor tissue that are similar to those obtained after i.a. 
administration, a significantly higher dose of i.v. [14C]3-BrPA is required. 
However, administration of a higher dose may not show a comparably 
favorable biodistribution profile and result instead in unfavorable systemic 
side effects.  

 
The second aim of our study was to evaluate the survival benefit of i.a. 

administered 3-BrPA in rabbits implanted with the VX2 liver tumor. Our 
experiments were conducted using the already established dose of 1.75 mM 
in 25 ml of PBS infused i.a. over 1 h. Treated rabbits had a significant 
increase in survival compared with the control group. This extension of life 
span by 36 days or 296% provides convincing evidence for 3-BrPA-
mediated survival benefit.  

 
Noteworthy is the absence of toxicity to the normal liver on 

histopathological analysis, which is in keeping with previous data from our 
laboratory (6). Because most liver cancers arise in the background of 
underlying liver disease (cirrhosis) and liver failure is a major risk of 
treatment-related morbidity and mortality in patients, this absence of toxicity 

is of great importance (17). These data further confirm the selective 
targeting of 3-BrPA, which is in line with the results of our biodistribution 
study.  

 
Although the treatment with 3-BrPA was successful at killing the 

tumor cells, most animals were not cured by this approach. This may be 
attributed to the natural biology of the VX2 tumor, which is known to be 
extremely aggressive, fast growing, and rapidly metastasizes to other tissues 
and organs, especially the lungs (18-20). Histopathologic examination 
showed that the animals did not die from progression of their liver tumors, 
but rather from the presence of extrahepatic metastases especially in the 
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lungs. This suggests that the locoregional delivery of 3-BrPA was successful 
in selectively targeting the liver tumor without causing toxicity to the 
normal liver parenchyma, and controlling its growth within the liver. 
Unfortunately, it was not successful in preventing metastatic spread of the 
VX2 tumor outside the liver.  

 
To minimize the risk of metastatic spread, we decided to treat a small 

number of rabbits (three animals) at an earlier stage of liver tumor 
development (7 days after implantation) and showed that earlier intervention 
leads to further improvement in survival. One of the three animals survived 
more than 10 months after treatment. When this animal was sacrificed, 
histopathology showed the tumor to be small (less than 1 cm in diameter), 
densely calcified, and nonviable. Here, despite evidence of success (one cure 
of three animals) and a clear attempt on our part to treat earlier in the disease 
process, our results suggest that this animal model is not appropriate to 
conduct survival studies because the two animals that died did so as a result 

of lung metastases. It is for this reason that we did not extend this survival 
study with a larger number of animals.  

 
This survival study demonstrates the potency of 3-BrPA when given 

i.a. and its ability kill the liver tumor locally. Specifically, a single bolus 
infusion of 3-BrPA is not sufficient to kill the entire tumor. By 
administering 3-BrPA for a prolonged period (>1 h) to the tumor, as we 
demonstrated from the histopathologic standpoint in a previous report, we 
were able to achieve significant improvement in survival through complete 
local tumor control. These results therefore support our therapeutic 
approach.  

 
In conclusion, we have shown that i.a. delivered 3-BrPA has a 

favorable biodistribution profile, combining a high tumor uptake resulting in 
direct blockage of FDG uptake with no effects on healthy tissue. 
Furthermore, i.a. infusion of 3-BrPA in VX2 implanted liver tumors proved 
to be beneficial because it resulted in significant survival benefit without 
any treatment related toxicity. These results argue strongly for the initiation 
of clinical studies to investigate the safety and efficacy of 3-BrPA as a 
human anticancer drug. 
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TABLES & FIGURES 
 
  % ID (mean ± S.D.) of [14C]3-BrPA in Organ Tissue Samples at Different Time Points after i.a. 

Administration (1.75 mM) 

  0 min 30 min 60 min 120 min 240 min 24 h 

 Blood 0.117 0.013 0.055 0.040 0.066 0.014 0.131 0.087 0.025 0.021 0.016 0.003 

 Brain 0.006 0.003 0.008 0.002 0.009 0.006 0.007 0.001 0.007 0.004 0.006 0.003 

 Heart 0.029 0.012 0.044 0.016 0.041 0.028 0.041 0.036 0.030 0.015 0.025 0.024 

 Lung 0.043 0.006 0.069 0.012 0.053 0.013 0.056 0.018 0.076 0.021 0.026 0.018 

 Liver 0.115 0.071 0.143 0.072 0.229 0.238 0.290 0.146 0.305 0.230 0.088 0.057 

 Kidney 0.096 0.031 0.180 0.084 0.143 0.039 0.124 0.056 0.225 0.039 0.056 0.052 

 Spleen 0.037 0.018 0.045 0.012 0.062 0.028 0.040 0.004 0.055 0.029 0.046 0.045 

 Stomach 0.024 0.014 0.061 0.019 0.033 0.008 0.052 0.034 0.041 0.012 0.057 0.074 

 GI tract 0.021 0.003 0.039 0.008 0.041 0.015 0.049 0.033 0.053 0.029 0.022 0.017 

 Muscle 0.007 0.002 0.031 0.014 0.032 0.018 0.016 0.006 0.014 0.006 0.020 0.018 

 Tumor 1.781 0.222 0.744 0.391 0.274 0.354 0.452 0.099 0.523 0.405 0.099 0.029 

 
Table 9.1 Biodistribution data in 18 animals at 0 min (n = 3), 30 min (n = 3), 60 min (n = 
3), 120 min (n = 3), 240 min (n = 3), and 24 h (n = 3) after the end of a 1-h i.a. infusion 
with a 1.75 mM mixture of 100 µCi of [14C]3-BrPA and 3-BrPA in 25 ml of PBS (infusion 
rate 25 ml/h). 
 

  % ID (mean ± S.D.) of [14C]3-BrPA in Organ Tissue Samples at Different Time Points after i.v. 
Administration (1.75 mM) 

  0 min 30 min 60 min 120 min 240 min 24 h 

 Blood 0.048 0.011 0.089 0.009 0.026 0.001 0.058 0.005 0.062 0.012 0.038 0.001 

 Brain 0.034 0.041 0.010 0.006 0.002 0.000 0.002 0.001 0.003 0.000 0.003 0.001 

 Heart 0.046 0.007 0.042 0.006 0.025 0.003 0.025 0.003 0.022 0.004 0.018 0.006 

 Lung 0.055 0.011 0.059 0.009 0.046 0.008 0.038 0.003 0.037 0.008 0.025 0.005 

 Liver 0.073 0.017 0.080 0.003 0.070 0.012 0.059 0.049 0.048 0.022 0.054 0.026 

 Kidney 0.154 0.015 0.158 0.038 0.143 0.036 0.163 0.022 0.094 0.033 0.040 0.007 

 Spleen 0.051 0.004 0.045 0.010 0.058 0.035 0.043 0.008 0.034 0.006 0.026 0.006 

 Stomach 0.037 0.014 0.051 0.016 0.030 0.005 0.046 0.013 0.036 0.017 0.013 0.004 

 GI tract 0.064 0.062 0.045 0.011 0.024 0.001 0.028 0.006 0.020 0.004 0.018 0.002 

 Muscle 0.005 0.005 0.023 0.016 0.005 0.001 0.008 0.004 0.005 0.004 0.005 0.001 

 Tumor 0.029 0.008 0.038 0.008 0.033 0.010 0.045 0.028 0.033 0.005 0.026 0.016 

 
Table 9.2 Biodistribution data in 18 animals at 0 min (n = 3), 30 min (n = 3), 60 min (n = 
3), 120 min (n = 3), 240 min (n = 3), and 24 h (n = 3) after the end of a 1-h i.v. infusion 
with a 1.75 mM mixture of 100 µCi [14C]3-BrPA and 3-BrPA in 25 ml of PBS (infusion 
rate 25 ml/h). 
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Figure 9.1 The chemical structure of [14C]3-BrPA with the position of the 14C label. 
 
 
 

 
 

Figure 9.2 Comparison of [14C]3-BrPA tumor uptake after the end of a 1-h i.a. infusion 
with a 1.75 mM mixture of 100 µCi of [14C]3-BrPA and 3-BrPA in 25 ml of PBS (infusion 
rate 25 ml/h); after the end of a 1-h i.v. infusion with a 1.75 mM mixture of 100 µCi of 
[14C]3-BrPA and 3-BrPA in 25 ml of PBS (infusion rate 25 ml/h); after the end of a 1-h i.v. 
infusion with a 20 mM mixture of 100 µCi of [14C]3-BrPA and 3-BrPA in 25 ml of PBS 
(infusion rate 25 ml/h). 
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Figure 9.3 Comparison of FDG tumor uptake after the end of a 1-h i.a. (n = 18) or i.v. (n = 
18) with a 1.75 mM mixture of 100 µCi of [14C]3-BrPA and 3-BrPA in 25 ml of PBS 
(infusion rate 25 ml/h). Control rabbits (n = 6) received a 1-h i.v. (n = 3) or i.a. (n = 3) 
infusion of 25 ml of PBS. All rabbits received 1 mCi of FDG (0.22 mCi/kg) via an ear vein 
(i.v.) 1 h before sacrifice. 
 

 
 

Figure 9.4 Kaplan-Meier survival curves, comparing animals treated with a 1-h i.a. 
infusion of 1.75 mM 3-BrPA in 25 ml of PBS (n = 22) to control animals treated with a 1-h 
i.a. infusion of 25 ml of PBS (n = 10). 
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Figure 9.5 Hematoxylin and eosin slide of the tumor (**) and surrounding liver (*) in a 
rabbit treated with 1.75 mM of 3-BrPA. The tumor has not grown from baseline, is necrotic 
and encapsulated (arrow). 
 
 

 
 
Figure 9.6 Hematoxylin and eosin slide of the liver tissue in a rabbit treated with 1.75 mM 
of 3-BrPA. The liver tissue shows no signs of toxicity. 
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ABSTRACT 
 
PURPOSE:  
To evaluate the anti-glycolytic effects of 3-BrPA on rats bearing RMT 
mammary tumors, by determining FDG uptake after intravenous 
administration of the therapeutic dose. 
 
MATERIALS AND METHODS: 
Sixteen rats bearing RMT tumors were treated either with 15 mM 3-BrPA in 
2.5 ml of PBS or with 2.5 ml of PBS. After treatment, all rats received FDG 
and were sacrificed 1 h later. 
 
RESULTS: 
3-BrPA treatment significantly decreased FDG uptake in tumors by 77% (p 

= 0.002). FDG uptake did not significantly decrease in normal tissues after 

treatment. 
 
CONCLUSION: 
Our study showed that 3-BrPA exhibits a strong anti-glycolytic effect on 
RMT cells implanted in rats. 
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INTRODUCTION 
 

In the Western World breast cancer is the most common cancer in 
women and in this group it is the second leading cause of cancer death (after 
lung cancer) (1). Every year one or two women in every thousand will be 
newly diagnosed with breast cancer (2). Invasive ductal carcinoma accounts 
for 80% of these tumors, followed by lobular, tubular, medullary and other 
types (3). Approximately 50% of all patients develop metastatic breast 
cancer (4, 5). Once metastases have developed, conventional therapies, 
including surgery, radiation therapy and systemic chemotherapy have rather 
limited success in the treatment of human breast cancer, highlighting the 
need for the development of new therapeutics (6, 7).  

 
Currently, breast cancer chemotherapeutics are administered 

predominantly through the systemic route. Although systemic 
administration is the most efficient route of delivery to cancers in many 
organs, it also frequently results in harmful side effects, by exposure of all 
healthy tissues to the delivered drugs (8). Therefore, to reduce systemic 
toxicity and increase survival, it is essential to establish new, selective 
treatment strategies for patients with breast cancer.  

 
Wide spectrums of human cancers, such as breast cancer, fulfill the 

‘Warburg Hypothesis,” which constitutes the basis for using glycolysis and 
its associated enzymes as targets for new anti-cancer agents (9, 10). 3-
Bromopyruvate (3-BrPA) has shown to be a potent glycolytic inhibitor, both 
in vitro and in vivo (9, 11, 12). 3-BrPA abolishes ATP production and 
causes severe depletion of cellular ATP in hepatoma and leukemia cell lines 
(13, 14). We have previously shown that 3-BrPA has a significant 
therapeutic effect in the rabbit VX2 model of liver cancer (12, 15). The 
effects of 3-BrPA on breast cancer however, are still unknown.  

 
The uptake of the glucose analogue 18F-deoxyglucose (FDG) is 

clinically used in the oncology setting and based on the recognition that 
tumor cells have an increased glucose metabolism (16, 17). Increased FDG 
uptake is considered to be indicative of the presence of a metabolically 
active tumor, whereas lack of FDG uptake indicates tumor cell death.  

 
The aim of this study was to evaluate the anti-glycolytic effects of 3-

BrPA on rats bearing RMT mammary tumors, by determining FDG uptake 
after intravenous administration of the therapeutic dose.  



ADDENDUM – SPECIFICITY OF THE ANTI-GLYCOLYTIC ACTIVITY OF 3-BROMOPYRUVATE 

CONFIRMED BY FDG UPTAKE IN A RAT MODEL OF BREAST CANCER 

164 

MATERIALS AND METHODS 
 
Animals 

 
The study was approved by the Animal Care Committee of Johns 

Hopkins University and in compliance with institutional guidelines. 8–
10 week old Lewis female rats (200–250 g) were kept in the animal housing 
facilities at least 1 week before the start of the experiments. Food and water 
were given ad libitum.  

 
Dose–escalation Study 

 
In order to determine the therapeutic dose of 3-BrPA for intravenous 

administration, a dose–escalation study was conducted in nontumor bearing 
rats (n = 21). Rats were divided into seven groups of three animals each and 
received incremental doses of 3-BrPA intravenously (5, 10, 15, 20, 25, 30 
and 50 mM) in 2.5 ml of phosphate buffered saline (PBS). Drug induced 
toxicities were assessed daily by monitoring food intake, feces production 
and finally checking for signs of guarding or reluctance to move when 
touched. The weights of the rats were measured twice a week. Rats were 
euthanized 3 weeks after initiation of the treatment or when they became 
moribund or showed signs of distress (irregular behavior, lethargy, circling, 
or >20% weight loss).  

 
After euthanization, all major organs were removed and weighed. The 

samples were fixed in 10% formalin, embedded in paraffin blocks, stained 
with hematoxylin–eosin and evaluated with a light microscope.  

 
Tumor Model 

 
Frozen rat mammary tumor (RMT) cells were thawed for implantation 

into 16 rats. These cells were provided by one of the authors (Wahl). The 
origin and in vitro and in vivo growth characteristics of these cells have 
been described previously (18). RMT cells (106 cells per rat) were 
implanted in the interscapular fat pad of the rats. The tumor was allowed to 
grow for 4 weeks in all rats before treatment was initiated.  
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3-BrPA Treatment and FDG Uptake Studies 
 
All experiments were performed 8–10 days after tumor implantation. 

The rats were divided into two groups of eight animals each. Group 1 was 
treated intravenous with a concentration of 3-BrPA in 2.5 ml of PBS, which 
was 50% of the lethal dose based on the results of the dose escalation study; 
group 2 received an intravenous injection with 2.5 ml of PBS. 10 min after 
treatment, all rats received 200–300 μCi/200 μl of 18F-Fluorodeoxyglucose 
(FDG) via the tail vein and were sacrificed 1 h after initiation of FDG 
administration. After sacrifice, blood, normal tissues (brain, heart, lung, 
liver, kidney, spleen, stomach, transverse colon and skeletal muscle) and 
tumor samples were obtained from each rat. The tissue samples were 
weighed and FDG uptake was evaluated using a gamma counter (LKB 
Wallac, Turku, Finland). To correct for radioactive decay and permit 
calculation of the concentration of radioactivity in each organ as a fraction 
of the administered dose, aliquots of the injected dose (ID) were counted 
simultaneously.  

 
Subsequently the samples were transferred to scintillation vials, 

dissolved in 1 ml of Solvable solution (Perkin-Elmer, Inc., Wellesley, MA, 
USA), and color-treated with hydrogen peroxide. After adding scintillation 
fluid (10 ml; Ultima Gold, Perkin-Elmer, Inc., Wellesley, MA, USA), the 
samples were counted using a liquid scintillation counter. The results were 
expressed as the percentage of injected dose per gram of tissue (%ID/g).  

 
Statistical Analysis 

 
The data for the treatment group (%ID/g) were compared with the data 

for the control group (%ID/g) using the Mann–Whitney U Test. A p value < 
0.05 was considered statistically significant.  

 
RESULTS 

 
Dose–escalation Study 

 
Intravenous treatment with 3-BrPA was well tolerated in the groups 

receiving 5–20 mM. No deaths occurred in these groups and there was no 
evidence of clinical distress. Intravenous treatment of 25 mM 3-BrPA 
resulted in 25% weight loss in one of three animals. Analysis at necropsy 
confirmed the safety of the 5–25 mM doses, with all tissue samples 



ADDENDUM – SPECIFICITY OF THE ANTI-GLYCOLYTIC ACTIVITY OF 3-BROMOPYRUVATE 

CONFIRMED BY FDG UPTAKE IN A RAT MODEL OF BREAST CANCER 

166 

appearing healthy. Intravenous treatment of 30–50 mM 3-BrPA resulted in 
death within 15 min after administration in all animals. It was observed that 
all organs were normal at histopathologic analysis and that there was no 
evidence of corrosive effects of 3-BrPA even at that high dose. These results 
established 30 mM to be the lethal dose. Therefore, 15 mM was chosen as 
the dose for the 3-BrPA treatment and FDG uptake studies.  

 
3-BrPA Treatment and FDG Uptake Studies 

 
In all 16 rats a solid tumor developed within 28 days after 

implantation. The data on %ID/gram of tissue for both the treatment and 
control group are shown in Figure Add 1. The tumor tissue in the control 
group showed very high FDG uptake, the highest of all measured tissues. 3-
BrPA treatment significantly decreased the FDG uptake in the tumor to 23% 

of the control value (p  = 0.002). As expected, FDG uptake of all normal 

organs in the control group was highest in the brain, and did not show a 
statistically significant difference with the FDG uptake in the brain of 3-
BrPA treated animals (p = 0.28). Animals receiving 3-BrPA treatment, 
exhibited a substantially higher uptake of FDG in both the liver and kidney 
when compared to the control group. The liver showed the highest 
difference, with FDG uptake being 126% higher in the treatment group (p = 
0.001). FDG uptake in the kidney was 71% higher in the 3-BrPA treated 
animals, when compared to controls (p = 0.01). All other normal tissues did 
not show a statistically significant difference of FDG uptake between the 
two groups.  
 

DISCUSSION 
 

In the present study, we showed that 3-BrPA selectively targets tumor 
cells in the well established RMT rat model of breast cancer (19). Selective 
targeting was demonstrated by a significant lesser FDG uptake in the tumor 
tissue after 3-BrPA administration, when compared to uptake in the tumor 
tissue of control animals. All other healthy tissues did not show a significant 
decrease in FDG uptake, confirming the tumor specific targeting abilities of 
3-BrPA.  

 
To date, FDG is the most widely used tracer in oncologic PET (20). 

FDG is taken up into cells by glucose transporters and then phosphorylated 
by the enzyme hexokinase, the first enzyme of glycolysis. Tumor cells 
exhibit a high glycolytic rate, which explains the differential uptake of FDG 
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in different tumor tissues. Successful imaging has been reported in multiple 
human tumors such as cerebral gliomas, liver tumors, thyroid cancer and 
breast cancer (21, 22). Measurement of FDG uptake in tumors may not only 
assist in oncologic imaging, but can also be useful in the evaluation of the 
treatment effect of anti-glycolytic agents (23). Several studies showed that 
FDG may be used to study drug effects in vitro (24, 25). Our study further 
validated this principle in vivo, by showing lesser FDG uptake after 3-BrPA 
treatment, which was specific for tumor tissue.  

3-BrPA, a synthetic brominated derivate of pyruvic acid acts as an 
irreversible inhibitor of metabolic enzymes associated with glycolysis. 3-
BrPA has shown great promise in a number of cancer cell lines and 
preclinical studies (12, 26). When glycolysis is inhibited, the intact 
mitochondria in normal cells enable them to use alternative energy sources 
such as fatty acids and amino acids to produce metabolic intermediates 
channeled to the tricarboxylic acid (TCA) cycle for ATP production. 
Therefore, normal cells are expected to be less sensitive to 3-BrPA. Our 
study confirmed this relative sparing of healthy tissues, by showing no 
significant decrease in FDG uptake after treatment with 3-BrPA in all 
measured non tumorous tissues.  

 
Interestingly, liver and kidney tissue showed a higher FDG uptake 

after administration of 3-BrPA when compared to control. A biodistribution 
study of [14C]-labeled 3-BrPA from our group indicated an important role 
for the liver and kidney in the excretion of 3-BrPA (unpublished data). One 
possible explanation may be that clearance requires higher energy levels, 
thereby resulting in higher glucose demand and thus FDG uptake. It is 
important to note, however that administration of 3-BrPA did not result in a 
significant lower FDG uptake, confirming that 3-BrPA does not influence 
glucose metabolism of healthy tissues.  

 
Our results are promising and may contribute to the translation of 3-

BrPA towards the clinic. Before taking these important steps however, a 
number of additional factors, besides the inherent differences in tumor 
response between animals and humans, need to be considered. First, the 
survival benefits of 3-BrPA for breast cancer should be investigated in an 
appropriate animal model with a sufficient sample size. Second, since most 
breast cancer deaths are related to metastatic spread, further experiments 
should take this into account.  
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CONCLUSION 
 

In conclusion, our study showed that 3-BrPA exhibits a strong anti-
glycolytic effect on RMT cells implanted in rats. This effect was 
demonstrated by decrease in FDG uptake in tumor tissue after treatment 
with 3-BrPA. The absence of this decrease in healthy tissues confirmed the 
specific tumor targeting of 3-BrPA.  
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Figure Add 1 FDG uptake in rat tissues after i.v. administration of 2.5 ml PBS (control) or 
15 mM 3-BrPA in 2.5 ml of PBS.  
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ABSTRACT 
 
PURPOSE:  
To evaluate the role of diffusion-weighted imaging in differentiating 
between hepatic hemangiomas, both typical and atypical, and other 
hypervascular liver lesions. 
 
MATERIALS AND METHODS: 
Retrospective review of 182 hypervascular liver lesions in 117 patients was 
performed. Diffusion and contrast-enhanced magnetic resonance imaging 
were performed using a 1.5-T unit. Imaging protocol consisted of T2-
weighted fast spin-echo images, breath-hold diffusion-weighted echoplanar 
images, and breath-hold unenhanced and contrast-enhanced T1-weighted 
three-dimensional fat-suppressed spoiled gradient-echo images in the 
arterial phase (20 seconds) and portal venous phase (60 seconds). Signal 
intensity changes and apparent diffusion coefficient (ADC) values were 
evaluated for all lesions. Unpaired t test was used to compare the mean 
ADC values for different lesions, and statistical significance was set at p < 
0.01. Receiver operating characteristic analysis was used to determine the 
accuracy of diffusion-weighted imaging in differentiating hemangiomas 
from other hypervascular liver lesions. 
 
RESULTS: 
Lesions included typical and atypical hemangioma (n = 38), hepatocellular 
carcinoma (HCC; n = 58), focal nodular hyperplasia (FNH; n = 22), and 
neuroendocrine tumor metastasis (NET; n = 64) with a mean tumor size of 
5.3 cm. Mean ADC value for hemangioma, HCC, FNH, and NET was 2.29 
× 10-3, 1.55 × 10-3, 1.65 × 10-3, and 1.43× 10-3 mm2/sec, respectively. There 
was a statistically significant difference in the ADC value of hemangioma 
compared with that of FNH (p < 0.001), HCC (p < 0.001), and NET (p < 
0.001), respectively. The area under the receiver operating characteristic 
curve was 0.91. 
 
CONCLUSION: 
Diffusion-weighted magnetic resonance imaging and ADC maps can 
provide rapid quantifiable information to differentiate typical and atypical 
hemangiomas from other hypervascular liver lesions. 
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INTRODUCTION 
 

Diffusion-weighted (DW) magnetic resonance (MR) imaging and 
apparent diffusion coefficient (ADC) values map the thermally induced 
motion of water molecules in biologic tissues, known as Brownian motion, 
and are thereby able to provide insight into tumor microstructure (1, 2). The 
motion includes not only molecular diffusion of water but also 
microcirculation of blood (microperfusion). The primary application of 
diffusion-weighted imaging (DWI) has been in brain imaging (3-5). More 
recently, DWI has been used to characterize focal hepatic lesions (6-10). 
However, the accuracy of DWI in the differentiation between hepatic 
hemangioma and other hypervascular lesions remains unknown. 

 
Hemangioma is the most common benign hepatic tumor, occurring in 

5% to 20% of the population (11, 12). Typical hemangiomas are less than 3 
cm in size and are usually spheroid or ovoid. On nonenhanced computed 
tomography (CT) images, hemangiomas typically appear as a low 
attenuating lesion (13, 14). On T1-weighted MR images, hemangiomas 
characteristically appear as hypointense lesions, and on T2-weighted MR 
images, they are extremely hyperintense. After administration of an 
intravenous contrast, CT and dynamic MR imaging demonstrate peripheral 
nodular enhancement in the early phase. Venous-phase imaging shows 
centripetal enhancement that progresses to uniform filling. This 
enhancement persists on delayed-phase images (15, 16). 

 
Although atypical hemangiomas are less common, they are clinically 

important, because their differential diagnosis includes a large variety of 
liver tumors (17). Clinically relevant atypical hemangiomas include large 
heterogeneous hemangiomas, calcified hemangiomas, pedunculated 
hemangiomas, and hemangiomas developing in diffuse fatty liver (5, 18-
20). On imaging, these atypical hemangiomas may resemble malignant liver 
lesions, such as hepatocellular carcinoma (HCC), hypervascular liver 
metastases, or occasionally, other benign lesions such as focal nodular 
hyperplasia (FNH). 

 
It is essential for physicians to accurately differentiate between 

hemangiomas and other liver lesions to determine future therapy and 
prognosis. Presently, CT and MR imaging are the mainstay for detection 
and characterization of liver tumors (21-27). It has been reported that 
contrast-enhanced MR imaging is more sensitive in detecting and more 
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useful in characterizing focal hepatic lesions than CT (28-31). However, 
there is a growing interest in the role of DWI in characterizing hepatic 
lesions. 

 
Therefore, the aim of this study was to perform receiver operating 

characteristic (ROC) analysis of the accuracy of DWI in the differentiation 
between hepatic hemangiomas and other hypervascular liver lesions more 
than 1 cm in size. 
 

MATERIALS AND METHODS 
 

Patients 
 
Between January 2003 and January 2005, we reviewed all patients 

with MR imaging studies performed for the characterization of 1 or more 
liver lesions. The following patients were included in our study: (1) those 
who had 1 or more hypervascular liver lesions, including hemangioma, 
FNH, HCC, and hypervascular liver metastases; (2) those who had liver 
lesions with the size of more than 1 cm to be detected by DWI. The 
confirmation criteria for typical hemangioma were characteristic findings on 
dynamic-enhanced MR imaging (high signal intensity on T2-weighted 
images and marked and progressive nodular enhancement) with a minimum 
of 1 year of follow-up, showing stability in size and morphology. The 
confirmation criteria for atypical hemangioma were pathological proof or 
dynamic-enhanced MR imaging with a minimum of 2 years of follow-up, 
showing stability in size and morphology. The confirmation criteria for 
FNH were typical findings on MR imaging (ie, isointensity on T1- and T2-
weighted images with a central scar, homogeneous enhancement in the 
hepatic arterial phase, and isointense to the liver in the portal venous phase). 
The confirmation criteria for FNH presenting without a central scar were 
stability in size and morphology (ie, isointensity on T1- and T2-weighted 
images, homogeneous enhancement in the hepatic arterial phase, and 
isointense to the liver in the portal venous phase) for more than 2 years or 
tissue biopsy. The diagnosis of HCC was based on either histology obtained 
by needle biopsy or a single hypervascular lesion on MR imaging in 
addition to an alpha-fetoprotein level greater than 400 in a cirrhotic patient. 
All hypervascular metastases were diagnosed by biopsy of a representative 
liver lesion. This retrospective review was approved by our institutional 
review board. One experienced MR radiologist not involved in the image 
analysis reviewed the clinical reports, collected demographic information, 
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histopathologic, and imaging findings, and identified 117 patients who met 
the inclusion criteria. Up to 5 lesions per patient were evaluated, resulting in 
a total of 182 lesions. 

 
MRI Technique 

 
Patients were scanned using a 1.5-T MRI scanner (CV/i; GE 

Healthcare, Milwaukee, WI) and a phased-array torso coil. Imaging protocol 
included T2-weighted fast spin-echo images (matrix, 256 × 256; slice 
thickness, 8 mm; interslice gap, 2 mm; repetition time [TR]/ echo time [TE], 
5000/100 msec; receiver bandwidth, 32 kHz), breath-hold diffusion-
weighted echoplanar images (matrix, 128 × 128; slice thickness, 8 mm; 
interslice gap, 2 mm; b value, 500 mm2/sec; TR/TE, 5000-6500/110 msec; 
receiver bandwidth, 32 kHz), and breath-hold unenhanced and contrast-
enhanced (0.1 mmol/kg intravenous gadodiamide [Omniscan; GE 
Healthcare, Princeton, NJ]) T1-weighted three-dimensional fat-suppressed 
spoiled gradient-echo images (field of view, 320-400 mm; matrix, 192 × 
160; slice thickness, 4-6 mm TR/TE, 5.1/1.2 msec; receiver bandwidth, 64 
kHz; flip angle, 15º) in the arterial (20 seconds) and portal venous (60 
seconds) phases. 

 
Image Analysis 

 
Magnetic resonance image processing and ADC maps were generated 

using a commercially available Advantage Windows workstation (GE 
Healthcare, Milwaukee, WI). Images were interpreted by consensus of 2 
experienced MR radiologists, who were blinded to the diagnosis at the time 
of evaluation of the DW images. The reviewers were not provided with the 
conventional images. Parameters evaluated included signal intensity 
changes and ADC values. For patients with more than 1 lesion, all lesions of 
1 cm or larger were evaluated, up to a maximum of 5 lesions to ensure 
independent sampling. Apparent diffusion coefficient maps were generated 
from the DW images, and values were recorded by placing a region of 
interest over the entire lesion, as seen on the image with the largest lesion 
size. 

 
Statistical Analysis 

 
Statistical analysis was performed with the Stata software package 

(Version 8; Stata, College Station, TX). Mean ADC values of the 4 lesion 
types (hemangioma, HCC, FNH, neuroendocrine tumor metastasis [NET]) 
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were compared with multinomial logistic regression using robust variance 
estimation to account for potential correlation of multiple lesions within the 
same patient. Mean ADC values of classic versus atypical hemangiomas 
were compared with an unpaired t test. P < 0.01 was considered statistically 
significant. An ROC curve was constructed to summarize the trade-off 
between sensitivity and specificity of different threshold ADC values that 
may be chosen to separate hemangiomas from the other lesion types. The 
nonparametric (trapezoidal rule) area under the ROC curve was calculated 
to represent the overall accuracy. 
 

RESULTS 
 
Demographic Information 

 
General information for all 117 patients (68 men and 49 women) is 

shown in Table 10.1. A total of 182 hypervascular lesions were evaluated. 
The mean number of evaluated lesions per patient was 1.5 (range, 1-5). The 
lesions were diagnosed as either hemangioma (n = 38), HCC (n = 58), FNH 
(n = 22), or NET (n = 64). Mean tumor size on MR imaging was 5.3 cm 
(range, 1.0-17.8 cm). 
 
Findings on MR Imaging 

 
A total of 25 hemangiomas had characteristic findings on unenhanced 

(high signal intensity on T2-weighted images) and dynamic-enhanced 
(marked and progressive nodular enhancement) MR imaging (Fig 10.1) and 
remained stable in size and morphology at 1 year. The remaining 13 
hemangiomas were classified as atypical, 7 were diagnosed as giant (>4cm) 
hemangiomas on MR imaging, and the remaining 6 hemangiomas had an 
atypical enhancement pattern. Four of 6atypical lesions did not fill on 
delayed images (Fig 10.2), and 2lesions showed complete filling in the 
arterial phase (flash filling) that persisted on delayed images (Fig 10.3). The 
diagnosis was confirmed histologically in 2 of 13 atypical lesions. The 
remaining 11 lesions remained stable on MR imaging at 2 years. 
 

All NETs were hyperintense on T2-weighted images and were 
hypervascular in the arterial phase. All FNH lesions showed homogeneous 
enhancement in the arterial phase and became isointense to the liver in the 
portal venous phase. A central scar that was bright on T2 was present in 14 
(64%) of 22 lesions. Thirty-seven (64%) of 58 HCCs were found in patients 
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with underlying cirrhosis. The remaining 21 lesions (36%) developed in 
noncirrhotic livers. In these patients, biopsy confirmed the diagnosis of 
HCC. 

 
Findings on DW MR Imaging 

 
On DW MR imaging, all 38 hemangiomas (100%) were markedly 

hyperintense compared to surrounding liver parenchyma. Most HCC lesions 
(n = 45; 78%) were slightly hyperintense relative to the surrounding liver 
parenchyma. The remaining lesions were either markedly hyperintense (10 
lesions; 17%) or isointense (3 lesions; 5%) to surrounding liver parenchyma. 
Of 22 FNH lesions, 20 were slightly hyperintense, and 2 were isointense to 
surrounding liver parenchyma. All except for 1 of NETs were markedly 
hyperintense (Table 10.2). 
 

After drawing a region of interest on the ADC maps, the mean ADC 
value for hemangioma, HCC, FNH, and NET was 2.29 × 10-3, 1.55 × 10-3, 
1.65 × 10-3, and 1.43 × 10-3 mm2/sec, respectively (Table 10.3). Multinomial 
logistic regression demonstrated a statistically significant difference 
between ADC values for hemangiomas and all other hypervascular lesions 
(FNH, HCC, and NET) (p < 0.001). Statistical significance was maintained 
even when considering classic and atypical hemangiomas separately. No 
statistically significant difference was found between the ADC values of 
classic hemangiomas and of atypical ones (p = 0.99). No statistically 
significant difference was found between the ADC values of HCC in 
cirrhotic and those of noncirrhotic livers (p = 0.38). 
 

Furthermore, ROC analysis demonstrated an area under the curve of 
0.91, indicating that DW MR imaging is good at correctly classifying 
hemangiomas from the other hypervascular liver lesions (Fig 10.4). As in all 
tests summarized by an ROC curve, the optimum operating point 
(sensitivity-specificity pair) along the ROC curve will depend on the 
particular clinical circumstances and the utilities assigned to the possible 
clinical outcomes. Scatterplot of the ADC values of all lesions is shown in 
Figure 10.5. Apparent diffusion coefficient values were very accurate when 
a threshold value of 2.30 × 10-3 mm2/sec was used, correctly categorizing 21 
(55%) of 38 hemangiomas, and missing no other hypervascular liver lesions 
with a sensitivity of 55% (confidence interval [CI], 38%-71%), a specificity 
of 100% (CI, 97%-100%), a positive predictive value of 100% (CI, 81%-
100%), and a negative predictive value of 89% (CI, 83%-94%). A threshold 
of 2.00 × 10-3 mm2/sec included 29 of 38 hemangiomas, but misclassified 4 
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NET, 1 HCC, and 1 FNH, if only the ADC values were considered in the 
diagnosis, with a sensitivity of 76% (CI, 59%-88%), a specificity of 96% 
(CI, 91%-98%), a positive predictive value of 83% (CI, 66%-93%), and a 
negative predictive value of 94% (CI, 88%-97%). All lesions with an ADC 
value below 1.17 × 10-3 mm2/sec were malignant. 
 

DISCUSSION  
 

Diffusion is the random microscopic translation motion of water 
molecules, known as Brownian motion. By applying 2 motion-probing 
gradients before and after the 180-degree pulse, MR imaging can be made 
sensitive to the diffusion of water molecules in tissue. The combined motion 
effects of both capillary perfusion and diffusion are quantified by means of 
the ADC value (32). The initial applications of DW MR imaging have been 
in brain imaging, mainly for the evaluation of acute ischemic stroke, 
intracranial tumors, and demyelinating disease (33,34). The ultrafast 
echoplanar imaging technique has broadened the clinical use of DW MR 
imaging to other organs, such as the liver. Several studies showed that DWI 
can be used to identify and characterize focal hepatic lesions (9, 10, 35, 36). 

 
Because of the high prevalence of hemangiomas in the general 

population, differentiation between hemangiomas and other hypervascular 
liver lesions is of great clinical importance. Several techniques of image 
acquisition and analysis have been used to evaluate liver lesions. These 
techniques include dynamic contrast-enhanced imaging and moderately T2-
weighted SE images, heavily T2-weighted SE images, moderately T2-
weighted fast SE images, and dual-echo images, performed with 
conventional SE, half Fourier-acquired single-shot turbo SE (HASTE), and 
echoplanar imaging (26). In the evaluation of T2-weighted images, both 
quantitative and qualitative analyses may be used (37-40). However, the 
quantitative measurement of T2 relaxation times is significantly better than 
that of the subjective visual assessment, resulting in a more accurate 
differentiation between hepatic lesions. However, the value of DWI is not 
yet established. 

 
Although most hemangiomas have typical imaging characteristics, 

atypical hemangiomas are clinically important, because they often resemble 
malignant liver lesions. Heterogeneous giant hemangiomas (>4 cm in 
diameter) have a differential diagnosis that includes all malignant liver 
lesions with a scar, such as FNH and HCC (18). Diffuse fatty infiltration of 



INTRA-ARTERIAL TREATMENT OF PRIMARY AND METASTATIC LIVER TUMORS 

179 

the liver may alter the typical appearance of hepatic lesions including 
hemangioma (20). With progressive cirrhosis, hemangiomas are likely to 
decrease in size and become more fibrotic (41). 

 
Focal nodular hyperplasia is the second most common benign hepatic 

tumor (11). On MR imaging, FNH is usually isointense on T1-weighted 
images and slightly hyperintense on T2-weighted images. A central scar, 
which is typical for FNH, can be seen on T1- and T2-weighted images. On 
contrast-enhanced MR imaging, because of their prominent vascularity, 
FNH lesions tend to enhance homogeneously with marked hyperintensity in 
the hepatic arterial phase and usually become isointense to liver parenchyma 
in the portal venous phase (42). 

 
Hepatocellular carcinoma is the fifth most common cancer in the 

world and represents more than 5% of all cancers (43). On T1-weighted MR 
images, HCC is frequently observed as hypointense, but depending on fat 
content, copper deposition, and protein content, it can range from 
hypointense to hyperintense. On T2-weighted images, HCC is normally 
observed as hyperintense. After administration of a contrast, enhancement in 
the arterial phase and heterogeneous washout in the portal venous phase are 
typical findings for HCC (44). Hepatocellular carcinoma developing in a 
cirrhotic liver is commonly seen and easily recognized by radiologists. 
However, HCC occurring in a noncirrhotic liver may be difficult to 
distinguish from other hypervascular liver lesions and therefore, DW 
imaging may be of value in such cases (45, 46). 

 
The aim of our study was to assess the usefulness of DW MR imaging 

in this serious matter. In our study, we tested the accuracy of DW MR 
imaging in differentiating between hemangiomas and other relatively 
common hypervascular liver lesions, including FNH, HCC, and 
hypervascular liver metastases. There are several advantages for using DW 
sequences over conventional acquisitions. These echoplanar acquisitions are 
obtained in a breath-hold, and the ADC values generated provide 
quantifiable information that can be statistically analyzed. Moreover, this 
information is independent on the dynamics of contrast enhancement, and 
therefore can be easily reproduced. Furthermore, DWI can be used in those 
patients where contrast images cannot be obtained. An important category 
of patients for whom the use of intravenous contrast is contraindicated are 
those patients with nephrogenic systemic fibrosis. In these patients, T2 
images alone can prove difficult to interpret, and adding DW imaging would 
improve diagnostic success. Our results showed that the difference between 
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ADC values for hemangioma and for all other evaluated hypervascular 
lesions was statistically significant (p < 0.001). However, our results slightly 
differed from those found by Quan et al and Sun et al (10, 47). These 
differences might be explained by the fact that the generated ADC values 
are equipment-specific. Furthermore, the ROC analysis showed an area 
under the curve of 0.91 for differentiating hemangioma from all other 
observed hypervascular liver lesions, indicating that DW MR imaging can 
be of great value. On the basis of the ADC measurements, we can expect 
certain sensitivity and specificity in making the diagnosis of hemangioma. 
In our study, the ADC values were very accurate when a threshold value of 
2.30 × 10-3 mm2/sec was used, correctly categorizing 21 (55%) of 38 
hemangiomas, and missing no other hypervascular liver lesions with a 
sensitivity of 55% (CI, 38%-71%), a specificity of 100% (CI, 97%-100%), a 
positive predictive value of 100%(CI, 81%-100%), and a negative predictive 
value of 89% (CI, 83%-94%). A threshold of 2.00 × 10-3 mm2/sec included 
29 of 38 hemangiomas, but misclassified 4 NET, 1 HCC, and 1 FNH, if 
only the ADC values were considered in the diagnosis, with a sensitivity of 
76% (CI, 59%-88%), a specificity of 96% (CI, 91%-98%), a positive 
predictive value of 83% (CI, 66%-93%), and a negative predictive value of 
94% (CI, 88%-97%). All lesions with an ADC value below 1.17 × 10-3 
mm2/sec were malignant (Fig 11.5). 

 
In our study, we included both typical hemangiomas and atypical 

hemangiomas. Atypical hemangiomas mimic other malignant liver lesions 
and are therefore difficult to characterize. However, atypical hemangiomas 
were not statistically different from atypical hemangiomas in ADC values (p 
= 0.99). Our results are in line with previous studies, which concluded that 
DW MR imaging is useful in the diagnosis and differentiation of focal 
hepatic lesions, such as distinguishing cavernous hemangioma from hepatic 
cysts and hepatic abscess from cystic or necrotic tumor (10, 48-50). To our 
knowledge, however, this study was the first to use ROC analysis in 
assessing DW MR imaging. 

 
This study has several limitations. First, it was a retrospective study. 

However, readers were blinded to the diagnosis, and there was extended 
follow-up (up to 2 years) to confirm the diagnosis. Second, not all lesions 
were histopathologically verified, because this is not usually clinically 
appropriate. In typical cases, histopathology is not needed to confirm the 
diagnosis of benign lesions. In HCC, typical imaging findings and a 
markedly raised alpha-fetoprotein level (>400) can be considered 
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diagnostic. Third, we did not include hepatic adenomas in our study; 
however, we feel that this is of less clinical importance, because they are 
very rare and they may contain fat and are associated with a history of oral 
contraceptives (51). In addition, we only included NET because they are 
typically hypervascular, and therefore may represent all other hypervascular 
liver metastases. Last, the ADC values generated in this study are 
equipment-specific and may not be applicable to different vendors and 
various b values that may be used. Additional studies are warranted to verify 
these findings using various b values and different MR units. 
 

CONCLUSIONS 
 

We conclude that DW MR imaging and ADC maps have a potential 
role in the differentiation of typical and atypical hemangiomas from other 
hypervascular liver lesions. They provide fast and quantifiable information, 
independent of contrast dynamics. This information can potentially be 
useful when overlap between different lesions on conventional MR imaging 
exists. 
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TABLES & FIGURES 
 

  
Characteristics 

 
Value 

   

 No. patients 117 

 Age, mean (range), yrs 55 (14-87) 

 Sex, male/female 68/49 

 No. lesions, mean (range) 1.5 (1-5) 

 Size of lesions, mean (range), cm 5.3 (1.0-17.8) 

 Hemangioma 3.4 (1.0-12.0) 

 HCC 6.7 (1.5-17.8) 

 FNH 4.2 (1.0-9.4) 

 NET 5.6 (2.0-17.0) 

 
Table 10.1 Patient Demographics. 
 
 

  Signal Intensity 

 Diagnosis, No.  
Lesions 

Very  
Hyperintense 

Slightly 
Hyperintense 

 
Isointense 

     

 Hemangioma, n = 38 38 0 0 

 HCC, n = 58 10 45 3 

 FNH, n = 22 0 20 2 

 NET, n = 64 63 0 1 

 
Table 10.2 Signal Intensity of the Lesions Relative to the Surrounding Liver Parenchyma 
on Diffusion-Weighted MR Images (b = 500). 
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Table 10.3 Apparent diffusion coefficient (ADC) values (mm2/sec) of the lesions. 
NA indicates not applicable. 
 
 

 
 
Figure 10.1 Typical hemangioma in a 41-year-old woman. T2-weighted image (TR/TE, 
5000:100 milliseconds) with fat suppression shows a hyperintense lesion in the right lobe 
(A). Transverse dynamic fat-suppressed T1-weighted MR images (TR/TE, 5.1:1.2 
milliseconds) of this lesion show peripheral nodular enhancement in the hepatic arterial 
phase (B), centripetal enhancement in the portal venous phase (C), progressing into 
complete uniform filling in the delayed phase (D). Diffusion-weighted image (b = 500; 
TR/TE, 6500:110 milliseconds) shows a bright lesion with an ADC value of 2.14 × 10-3 
mm2/sec (E). 
 

  
Diagnosis 

 
Mean 

 
SD 

P (compared to 
Hemangioma) 

     

 Hemangioma 2.29 x 10-3 5.1 x 10-4  NA 

 Typical 2.29 x 10-3 5.6 x 10-4  

 Atypical 2.29 x 10-3 3.9 x 10-4  

 HCC 1.55 x 10-3 2.2 x 10-4 <0.001 

 Cirrhotic 1.55 x 10-3  2.4 x 10-4 <0.001 

 Noncirrhotic 1.57 x 10-3  2.1 x 10-4 <0.001 

 FNH 1.65 x 10-3 2.6 x 10-4 <0.001 

 NET 1.43 x 10-3  3.9 x 10-4 <0.001 
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Figure 10.2 Atypical hemangioma in a 71-year-old man. T2-weighted images (TR/TE, 
5000:100 milliseconds) with fat suppression show a hyperintense lesion in the right lobe 
(A). Transverse dynamic fat-suppressed T1-weighted MR images (TR/TE, 5.1:1.2 
milliseconds) of this lesion after contrast administration show no enhancement in the 
arterial (B) and venous (C) phases and minimal peripheral nodular in the delayed phase (D). 
Diffusion-weighted MR image (b = 500; TR/TE, 6500:110 milliseconds) shows a bright 
lesion (E). The ADC value was 2.00 × 10-3 mm2/sec for this lesion. The lesion remained 
stable for 2 years.  
 
 

 
 
Figure 10.3 Atypical hemangioma in a 42-year-old man. T2-weighted images (TR/TE, 
5000:100 milliseconds) with fat suppression show a hyperintense lesion in the right lobe 
(A). Transverse dynamic fat-suppressed T1-weighted MR image (TR/TE, 5.1:1.2 
milliseconds) of this lesion shows flash filling in the arterial phase (B) and follows the 
blood pool in the portal venous phase (C). Diffusion-weighted MR image (b = 500; TR/TE, 
6500:110 milliseconds) shows a bright lesion (D). The ADC value was 3.08 × 10-3 mm2/sec 
for this hemangioma. 
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Figure 10.4 Receiver operating characteristic curve and fitted ROC curve with an area 
under the ROC curve of 0.91. 
 
 

 
 
Figure 10.5 Scatterplot of the ADC values of malignant and benign focal hepatic lesions 
obtained with DW MR imaging. 
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ABSTRACT 
 
PURPOSE:  
To evaluate the role of diffusion-weighted magnetic resonance (MRI) in 
determining tumor necrosis and contrast-enhanced MRI  using gadoxetic 
acid disodium (Gd-EOB-DTPA) in determining maximum tumor size 
measurement and tumor delineation compared with criterion-standard 
histologic measurements in the rabbit VX2 liver tumor model. 
 
MATERIALS AND METHODS: 
VX2 tumors were implanted in the liver of 13 rabbits. Magnetic resonance 
imaging was performed using a 1.5-T MRI scanner and extremity coil. The 
imaging protocol included T2-weighted fast spin-echo images, 3-
dimensional T1-weighted spoiled gradient-echo images with and without fat 
suppression after administration of Gd-EOB-DTPA, and diffusion-weighted 
echo planar images. Rabbits were sacrificed, and the tumor was harvested 
and sliced at 4-mm intervals in the axial plane. The MRI parameters 
evaluated were tumor size, tumor delineation and tumor apparent diffusion 
coefficient (ADC) values. Histologic sections were evaluated to quantify 
tumor necrosis. 
 
RESULTS: 
On contrast-enhanced MRI (obtained from 11 rabbits), the mean tumor 
sizes were 20, 19 and 20 mm in the arterial, portal venous and delayed 
phases, respectively. Tumor delineation was most distinguishable in the 
delayed phase. On diffusion-weighted MRI (acquired in 1 rabbits), the mean 
tumor ADC value was 1.84 x 10-3 mm2/sec. Mean tumor size at pathology 
was 16 mm. The mean percent necrosis of the tumor at pathology was 36%. 
The correlation between ADC value and percent necrosis showed an R 
value of 0.68. 
 
CONCLUSION: 
Contrast-enhanced MRI using Gd-EOB-DTPA may provide additional 
information about tumor outline in the liver. Moreover, we showed a 
remarkable correlation between ADC values and tumor necrosis. Thus, 
diffusion-weighted imaging may be useful to assess tumor necrosis; 
nevertheless, the search for new modalities remains important. 
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INTRODUCTION 
 

Evaluation of tumor response by imaging after locoregional therapy is 
generally based on tumor size and tumor enhancement on contrast-enhanced 
computed tomography or magnetic resonance imaging (MRI) (1). 
Unfortunately, these imaging techniques may be limited in providing 
clinically satisfactory information about the extent of tumor necrosis, which 
is the main indicator of tumor cell death. Therefore, improvements of 
current imaging techniques play a critical role in finding the optimal 
strategy to determine treatment success and guide future therapy. 

 
A recent imaging technique for assessment of tumor response is 

diffusion-weighted MRI. This imaging technique is used to detect the 
thermally induced random movement of water molecules in biologic tissues, 
known as Brownian motion (2). Diffusion may be affected by the 
biophysical properties of tissues such as cell organization and density, 
microstructure, and microcirculation. Viable tumor cells restrict the mobility 
of water, whereas necrotic tumor cells allow increased diffusion of water 
molecules caused by decreased cellularity and compromised cell membrane 
integrity, displayed as areas of high signal intensity (3). The primary 
application of diffusion-weighted MRI has been in brain imaging, mainly in 
the evaluation of acute cerebral infarcts (4). In the liver diffusion-weighted 
imaging has been used to characterize focal hepatic lesions and to assess 
tumor response after locoregional therapy (5-8).  

 
Another approach to tumor evaluation is the use of tissue-specific 

contrast media. Normally, dynamic contrast-enhanced MRI is performed 
with the traditional extracellular gadolinium-based contrast agents. 
Gadolinium-ethoxybenzyl-diethylenetriamine- pentaacetic-acid (gadoxetic 
acid disodium or Gd-EOB-DTPA) is a third generation gadolinium-based 
MRI contrast agent with the unique ability to combine MR perfusion 
imaging with hepatocyte specific uptake (9, 10). Therefore, information 
about lesion vascularity is obtained during the dynamic phase, and 
information about tumor delineation is obtained during the delayed phase of 
imaging because to lack of uptake in the tumor. 

 
Gadoxetic acid disodium has been useful in the evaluation of liver 

function and dysfunctional states such as hepatitis, and in the detection of 
liver metastasis and hepatocellular carcinoma (HCC) (11-13). After 
intravenous injection, the contrast between the lesion and surrounding 
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parenchyma is increased because of positive enhancement of the normal 
liver tissue on T1-weighted MR images. 

 
The aim of our animal study was to evaluate the role of diffusion-

weighted MRI in determining tumor necrosis and the role of contrast-
enhanced MRI using Gd-EOB-DTPA in determining maximum tumor size 
measurement and tumor delineation compared with criterion-standard 
histologic measurements in the rabbit VX2 liver tumor model. 
 

MATERIALS AND METHODS 
 
Study Design 

 
This study was approved by the Animal Care Committee at our 

facility, and was performed in accordance with our institutional guidelines. 
A total of 13 New Zealand White rabbits were included. Each animal 
received tumor implantation in the left lobe of the liver. Diffusion-weighted 
and contrast-enhanced MRIs were performed 2 weeks after implantation in 
8 animals and 3 weeks after implantation in 5 animals to reach various 
degrees of necrosis within the tumors. All animals were sacrificed 
immediately after MRI, and their livers were explanted and submitted to a 
pathologist for analysis. 

 
Tumor Implantation 

 
Adult New Zealand white rabbits (Myrtle’s Rabbitry, Thompson’s 

Station, TN) weighing 8-9 lbs were anesthetized with a mixture of 
acepromazine (2.5 mg/kg; Phoenix, St Joseph, MO) and ketamine 
hydrochloride (44 mg/kg; Phoenix) administered intramuscularly. The VX2 
tumor cell suspension was first injected into the hind legs of 2 carrier rabbits 
and grown for 2 weeks. Resultant tumors were harvested from each carrier, 
and a tumor suspension was prepared from each harvested tumor by 
dissection of viable tumor tissue and aseptic mincing. For the rabbits that 
were going to receive the VX2 tumor implanted in the liver, intravenous 
access was gained via a marginal ear vein, and 0.1 to 0.2 ml (2.5 to 5 mg) of 
sodium pentobarbital (Abbott Laboratories, Abbott Park, IL) was given 
periodically to maintain anesthesia. The abdomen of each recipient rabbit 
was shaved and disinfected with ethanol and povidine iodine. The liver of 
the rabbit was exposed by a midline incision, and then an aliquot of the 
tumor cell suspension (0.2 ml) was injected directly using a 21-gauge 
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angiocatheter into the left lobe of the liver to develop a solitary lesion with 
adequate surrounding liver parenchyma. The abdomen was closed in 2 
layers. The tumor was allowed to grow in the rabbit livers for 14 to 21 days. 
Because of the fast growing and aggressive nature of the VX2 tumors, 
various degrees of necrosis are obtained at different time points after 
implantation. 

 
MRI Technique    

 
All 13 rabbits underwent MRI immediately before they were 

sacrificed. Diffusion-weighted and contrast-enhanced MRIs were performed 
2 weeks after implantation in 8 animals and 3 weeks after implantation in 5 
animals. MRI was performed by using a 1.5-T MRI scanner (CV/i; GE 
Healthcare, Milwaukee, WI) and dedicated phased-array body coils. 
Precontrast axial acquisitions included T2-weighted fast spin-echo images 
with fat suppression, breath-hold diffusion-weighted echoplanar images 
(matrix, 128 × 128; slice thickness, 8 mm; interslice gap, 2 mm; b values, 0 
and 500 mm2/sec; TR/TE, 5000-6500/110 msec; receiver bandwidth, 64 
kHz) and T1-weighted three-dimensional fat-suppressed spoiled gradient-
echo images with and without fat suppression. All animals received 0.025 
mmol/kg of body weight dose of a 0.25 mol/L of Gd-EOB-DTPA (Schering 
AG, Berlin, Germany) intravenously at a speed of 2 mL/sec. The line was 
flushed with 5 mL of 0.9% saline. Dynamic imaging was performed in the 
arterial (2-5 sec after injection) and portal venous phase (20 sec after 
injection) using the T1-weighted three-dimensional fat-suppressed spoiled 
gradient-echo sequence with and without fat suppression. In addition, 
delayed T1-weighted three-dimensional fat-suppressed spoiled gradient-
echo with fat suppression were performed 10 minutes after contrast 
administration. 

 
Image Analysis 

 
Magnetic resonance image processing and apparent diffusion 

coefficient (ADC) maps were generated using a commercially available 
Advantage Windows workstation (GE Healthcare, Milwaukee, WI). Images 
were interpreted by consensus of two experienced MR radiologists. 
Apparent diffusion coefficient maps were generated from the diffusion-
weighted images, and the values were recorded by placing a region of 
interest (ROI) over the entire lesion, as seen on the image with the largest 
lesion size. Separate ADC maps were generated by placing the ROI on the 
viable region and necrotic regions of each tumor. Histologic slides were 
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used to determine the position of the necrotic and viable regions. Other 
parameters evaluated were tumor size and delineation in arterial, portal 
venous phase, and 10 min post injection. Tumor size was measured in all 3 
phases of contrast enhancement, using electronic calipers. Tumor 
delineation was scored using the following 5-grade scale; grade 1 indicates 
no distinguishable outline of the tumor, grade 2 is defined as tumor outline 
seen in 90 degrees along the tumor border, grade 3 is defined as outline seen 
in 180 degrees along the tumor border, grade 4 is defined as outline seen in 
270 degrees along the tumor border, and grade 5 indicates a definite 
distinguishable tumor seen all along the tumor border (360 degrees). 

 
Histologic Analysis 

 
All animals were euthanized under deep anesthesia by slow injection 

of a lethal dose (100 mg/5 ml) of sodium pentobarbital intravenously after 
the completion of MRI. Immediately after euthanasia, the liver of the rabbits 
was carefully removed and subsequently placed in 10% formaldehyde for 
fixation. After fixation, the liver was examined, and the liver tumor was 
dissected out of the nontumorous liver tissue. Tumors were sliced at 3- to 4-
mm intervals in the axial plane to correspond to the plane of the MR images 
and placed in standard cassettes. To maintain proper orientation, the dorsal 
and medial sides of each slice were stained with different colors. All 
sections were submitted to a pathologist for histologic preparation. The 
tissue slices were embedded in paraffin, and 2 sections of each paraffin 
block were stained with hematoxylin-eosin. A Nikon SMZ800 microscope 
was coupled with a Nikon digital sight DS-U1 camera (resolution, 1376 x 
1032). The images of the tumors were captured at a magnification of ×10. 
Digital images were first converted to jpeg format and then imported into 
ImageJ. The ImageJ 1.37v software (National Institutes of Health, Bethesda, 
MD) was used to estimate the percentage of necrosis within the tumor. For 
each liver tumor, the 3 axial slides representing the most central part of the 
tumor were selected. For each slide, an ROI was delineated around the 
entire tumor, and another ROI was delineated around the necrotic part of the 
tumor. The mean ratio of necrotic part to the total tumor was calculated for 
each liver tumor. To assess tumor size, the axial slide representing the center 
of the tumor was selected. The tumor size was recorded as the maximum 
diameter in millimeter along the same plane and axis used on MRI. 
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Statistical Analysis 
 
The collected data were entered into a Microsoft Excel spreadsheet 

(Microsoft, Redmond, WA). Tumor size, tumor enhancement during 
contrast-enhanced MRI, and ADC values were correlated with pathologic 
findings using Pearson product moment correlation coefficient (r). The 
estimates of fractions of viable cells obtained with MRI and histopathology 
were compared using Student t-test. P-values < 0.05 were considered to 
indicate significant difference at 95% confidence interval. 
 

RESULTS 
 

All implantations were successful, and in all 13 rabbits, a tumor 
developed. All rabbits underwent MRI. Two rabbits died after diffusion-
weighted imaging but before injection of contrast medium.  

 
The results of experiments are presented in Table 11.1. The mean 

duration between implantation and MRI was 16 (+/- 3.3) days. All tumors 
appeared heterogeneous on T2-weighted images (Fig 11.1A). On contrast-
enhanced MRI (n = 11), the mean tumor sizes were 20 mm (range, 12-36 
mm), 19 mm (range, 12-33 mm), and 20 mm (range, 13-36 mm) in the 
arterial, portal venous, and delayed phase, respectively. Tumor delineation 
as scored on the 5-grade scale was most distinguishable in the delayed phase 
for all tumors, with scores from 3 to 5. The portal venous phase was equal 
or superior to the arterial phase for the distinction of tumor outline in 82% 
of the lesions.  

 
On diffusion-weighted MRI, all 13 lesions were markedly 

hyperintense compared with the surrounding liver parenchyma. The mean 
ADC value was 1.84 x 10-3 mm2/sec (Fig 11.1B). All tumors were sliced in 
the axial plane to correspond to the plane of the MR images and placed in 
standard cassettes. Proper orientation was maintained by staining the dorsal 
and medial sides of each slice with different colors (Fig 11.2). At pathologic 
analysis, all tumors were undifferentiated and consisted of necrotic and 
viable cells (Fig 11.1C). The mean tumor size at pathology was 16 mm 
(range, 8-27 mm). The mean percent necrosis at the tumor’s pathologic 
condition was 36% (range, 11-80%). The correlation between ADC value 
and percent necrosis showed an R value of 0.68 (Fig 11.3). In addition, the 
tumor size measured at pathology and percent necrosis showed a strong 
correlation, with an R value of 0.91. Compared with peripheral viable areas, 
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the central necrotic areas of the tumor showed a significantly higher ADC 
value of 2.25 x 10-3 mm2/sec compared with 1.39 x 10-3

 mm2/sec (p = 0.02).  
 
The tumor size on all phases of contrast-enhanced MRI showed a 

strong correlation with the tumor size on pathology (Fig 11.4), with the 
strongest correlation in the portal venous phase. The mean tumor size of all 
3 obtained phases on contrast-enhanced MRI was 28% (0-62%) larger than 
the pathologic tumor size for 10 lesions. One lesion was slightly (4%) 
smaller on contrast-enhanced MRI than on its actual pathologic appearance. 
The remaining 2 lesions were not measured because contrast was not 
administered owing to the animal’s death after the diffusion-weighted 
images were acquired. This difference in tumor size showed no correlation 
with tumor size (R = 0.12) or tumor necrosis (R = 0.014). 
 

DISCUSSION 
 

In the clinical setting, it is of crucial importance to determine tumor 
delineation and accurately differentiate between viable tumor and necrotic 
tumor, especially in treatment planning and the evaluation of treatment 
success. The aim of our animal study was to evaluate the role of diffusion-
weighted MRI in determining tumor necrosis and contrast-enhanced MRI 
using Gd-EOB-DTPA in determining maximum tumor size measurement 
and tumor delineation using pathologic correlation. Our results indicate that 
diffusion-weighted MRI may be useful in quantifying tumor necrosis. 
Gadoxetic acid disodium, however, did not provide additional information 
on tumor necrosis but was valuable in determining tumor outline. 

 
Necrosis is the most common morphologic alteration found in tumors 

and surrounding tissue after radiotherapy and chemotherapy. In view of the 
emergence of new anticancer therapies, which are based on stabilizing 
disease rather than causing tumor disappearance, tumor necrosis has become 
the most important indicator of successful therapy (14, 15). Moreover, the 
degree of therapy-induced necrosis has been shown to be associated with 
long-term prognosis in some tumors (16). Thus, although reduction in tumor 
size is the conventional method to assess tumor response, the percentage of 
tumor necrosis after therapy may be more informative (17).  

 
Gadoxetic acid disodium is a more specific and sensitive cellular 

marker for hepatocyte function than are current techniques such as 
gadolinium MRI and biphasic computed tomographic imaging (18). The 
uptake and accumulation of Gd-EOB-DTPA is caused by a lipophilic ethyl-
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oxybenzyl group resulting in selective enhancement of the normally 
functioning liver. Gadoxetic acid disodium enters into the hepatocytes 
through the organic anion-transporting polypeptide 1, which is involved in 
the hepatocellular uptake of bilirubin. Hereby, the possibility to detect 
tumors within the liver is increased because undifferentiated neoplastic 
cells, which lack anion transport and phagocytic functions, cannot extract 
Gd-EOB-DTPA from the blood. Thus, the healthy liver parenchyma is 
enhanced, whereas the tumors do not possess normally functioning 
hepatocytes and therefore lack accumulation, appearing as hypointense 
lesions (19). Our results confirmed the specific uptake of Gd-EOB-DTPA 
by healthy liver tissue in the delayed phase. However, parts of the tumor 
that were viable on pathologic analysis showed similar absence of the 
uptake of contrast compared with parts of the tumor that were necrotic on 
pathology. Therefore, Gd-EOB-DTPA did not provide valuable information 
on tumor necrosis but was useful in determining tumor outline.  

 
Diffusion-weighted MRI and ADC values represent the cellular 

integrity and motion of water molecules in biologic tissues and are thereby 
able to provide insight into tumor microstructure (20). The motion includes 
not only molecular diffusion of water but also microcirculation of blood 
(microperfusion). In the liver, diffusion-weighted imaging has been used to 
characterize focal hepatic lesions and to assess tumor response (21, 22). 
Viable tumors are high in cellularity. These cells have an intact cell 
membrane that restricts the mobility of water molecules and causes a 
relatively low ADC value. Conversely, cellular necrosis causes increased 
membranous permeability, which allows water molecules to move freely 
and thus causes a relative increase in the ADC value. In our animal study we 
demonstrated that ADC values are strongly correlated to the percentage of 
tumor necrosis on pathologic analysis (R = 0.68). These results reinforce the 
notion that diffusion-weighted MRI is useful in assessing tumor necrosis. 
Moreover, because pathologic correlation in the clinical setting is rarely 
possible, for obvious ethical reasons, these results add evidence to the use of 
diffusion-weighted MRI in evaluating tumor necrosis.  

 
Although tumor sizes measured on contrast-enhanced MRI and on 

their actual pathologic appearance were strongly correlated, we found a 
significant difference between radiologic and pathologic tumor sizes. This 
difference had poor positive correlation with tumor necrosis (R = 0.014), 
showing the same tendency in both viable and necrotic tumors. Moreover, 
this difference between contrast-enhanced MRI and pathologic findings was 
seen in both small and large tumors. One possible explanation for these 
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findings in large necrotic tumors is the partial shrinkage of these tumors 
during liver fixation. It is possible that small viable tumors decrease in size 
at pathology because of the cessation of blood flow. Our findings are similar 
to those of a previous report, concluding that there is no adequate 
correlation between the radiologic and histologic sizes of HCC (23).  

 
This study has several limitations. First, our study group was 

relatively small, so further studies with a larger sample size are needed to 
confirm our conclusions. Second, the VX2 tumor used in our study is of 
nonhepatic origin. However, it has proven to be convenient to study liver 
cancer in the animal because of the similarities in blood supply, genotype, 
and metabolism to advanced human HCC (24). Last, because it is difficult 
to use breath-holding or respiratory gating techniques in rabbits, respiratory 
movement during abdominal MRI might degrade image quality to some 
extent and cause variations in measurements.  

 
In conclusion, contrast-enhanced MRI using Gd-EOB-DTPA may 

provide additional information about tumor outline in the liver. Moreover, 
we showed a remarkable correlation between ADC values and tumor 
necrosis. Thus, diffusion-weighted imaging may be useful to assess tumor 
necrosis; nevertheless, the search for new modalities remains important. 
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TABLES & FIGURES 
 
 

 
Table 11.1 Imaging and pathologic variables for all 13 rabbits. 
 

 

ID 

 

Time 

between 

Implantation 

and MRI 

(days) 

Tumor 

size 

(mm) 

Arterial 

Tumor 

size 

(mm) 

PV 

Tumor 

size 

(mm) 

Delayed 

Tumor 

size (mm) 

Pathology 

ADC-

value 

tumor (x 

10-3 

mm2/sec) 

% 

Necrosis 

on 

pathology 

Delineation 

Arterial 

Delineation 

Portal 

Venous 

Delineation 

Delayed 

1 13 16.1 15.2 14.6 14.5 1.45 19 2 3 5 

2 13 13.3 11.5 13.0 7.8 1.97 17 1 2 3 

3 13 19.5 17.2 17.6 12 1.63 22 2 1 4 

4 14 14.0 13.7 14.9 10.8 1.69 20 1 2 4 

5 14 14.4 15.4 16.4 15 1.65 22 1 1 3 

6 14 NA NA NA 11 0.80 11 NA NA NA 

7 15 12.1 12.7 13.5 13.3 1.61 32 1 2 3 

8 15 12.5 12.6 13.4 10.8 1.56 26 2 3 5 

9 17 23.6 18.5 21.1 21 1.31 38 2 1 4 

10 18 20.5 21.2 21.6 13.5 2.93 40 1 1 4 

11 21 34.7 33.0 35.7 26 2.84 72 1 2 3 

12 21 35.7 32.9 33.5 27 2.11 69 1 2 4 

13 22 NA NA NA 20.5 2.34 80 NA NA NA 
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Figure 11.1 (A) shows a typical example of a rabbit VX2 tumor in the left lateral lobe of 
the liver appearing heterogeneously bright on T2 weighted images. 
(B) shows the diffusion-weighted MR image of the same lesion. After placing a ROI on the 
lesion, mean ADC value was calculated to be 2.93 x 10-3 mm2/sec.  
(C) shows the same tumor after H&E staining consisting of necrotic (central) and viable 
(periphery) areas.  
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Figure 11.2 shows the method of staining of the pathology specimen in order to maintain 
proper anatomical orientation.  
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Figure 11.3 Correlation between ADC value and percent necrosis. R was 0.68 
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Figure 11.4 Correlation between tumor size on contrast-enhanced MR imaging and tumor 
size on pathology. 
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ABSTRACT 
 
PURPOSE:  
The aim of our animal study was to compare metabolic (quantification of 
tumor choline concentration) MR imaging findings to percent necrosis at 
pathology in rabbits bearing VX2 liver tumors. 
 
MATERIALS AND METHODS:  
VX2 tumors were implanted in the liver of 16 rabbits. MR imaging was 
performed using a 1.5-T MRI scanner and extremity coil. 1H MRS imaging 
protocol was used. Rabbits were sacrificed immediately after imaging and 
the tumor was harvested and sliced at 4 mm intervals in the axial plane. 
Choline concentration was calculated and was compared to percent tumor 
necrosis at pathology. 
 
RESULTS: 
Mean tumor size at pathology was 16 mm (Range: 12-22). Mean percentage 
of necrosis at pathology was 22 % (Range: 4 - 44%). Choline concentration 
correlated well with percentage of necrosis on pathology and showed an R 
value of 0.78. 
 
CONCLUSION: 
Choline concentration showed a relatively high correlation with tumor 
necrosis on pathology. Thus 1H MRS may be useful to assess tumor 
necrosis. 
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INTRODUCTION 
  

Assessment of tumor response by imaging is conventionally based on 
tumor size and tumor enhancement on contrast-enhanced CT or MR 
imaging (1, 2). In addition to these traditional modalities, diffusion-
weighted MR imaging has increasingly been used to assess tumor response 
by measuring the apparent diffusion coefficient (ADC) value (3-5). 
However, to date there is no reliable imaging technique for monitoring the 
early response to locoregional therapy.  

 
Proton MR spectroscopy (1H MRS) is a noninvasive imaging 

technique that may be utilized to quantify biochemical metabolite 
concentrations. 1H MRS has been successfully utilized as a diagnostic tool 
for tumors in the brain, breast and prostate and in the evaluation of treatment 
response to chemotherapy in tumors of the head and neck (6-11). In the 
liver, 1H MRS has been used to evaluate diffuse hepatic disease such as 
hepatic steatosis, chronic hepatitis and cirrhosis (12-14). The role of 1H 
MRS in evaluating tumor response after locoregional therapy, however still 
has to be established.  

 
In vivo 1H MRS can be used to differentiate between benign and 

malignant lesions based on the evaluation of choline levels detected in the 
lesion (15). Elevation of the intensity of the choline peak is believed to 
represent an increased biosynthesis of membrane phospholipids and 
therefore represents cellular proliferation. Viable tumors consist of rapidly 
proliferating cells, thereby causing a high choline peak, whereas necrotic 
tumors have decreased cellularity, thus causing the choline peak to 
diminish. 

 
Quantification of the choline concentration is essential to characterize 

changes after locoregional therapy. Several quantification techniques have 
been used for in vivo 1H MRS (16). Quantification is the procedure to 
estimate numerical values of metabolite concentrations by comparing in 
vivo signals from a volume of interest to a standard signal from an internal 
or external reference. Several studies performed 1H MRS using an external 
reference (17). Unfortunately, this procedure, which requires accurate 
calibration, is extensive and therefore impractical in the clinical setting. For 
this reason, water was used as an internal reference in this study. 
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The aim of our animal study was to compare metabolic (quantification 
of tumor choline concentration) to percent tumor necrosis at pathology in 
rabbits bearing VX2 liver tumors. 
 

MATERIALS AND METHODS 
 
Animals 

 
This study was approved by the Animal Care Committee at our 

facility, and was performed in accordance with our institutional guidelines. 
Adult New Zealand white rabbits weighing 8-9 lbs (n = 16; Myrtle’s 
Rabbitry, Thompson’s Station, TN) underwent implantation of rabbit VX2 
tumor in the liver.  

 
Study design 

 
A total of 16 New Zealand white rabbits were included in the study. 

Each animal received tumor implantation in the left lobe of the liver. 1H 
MRS imaging was performed 2 weeks after implantation in 6 animals and 3 
weeks after implantation in 10 animals to reach various degrees of necrosis 
within the tumors. All animals were sacrificed immediately after MR 
imaging and their livers were explanted and submitted to pathology for 
analysis.  

 
Tumor implantation  

 
All rabbits were anesthetized with a mixture of acepromazine (2.5 

mg/kg; Phoenix, St Joseph, MO) and ketamine hydrochloride (44 mg/kg; 
Phoenix) administered intramuscularly. The VX2 tumor cell suspension was 
first injected into the hind legs of carrier rabbits and grown for 2 weeks. For 
the rabbits that were going to receive the VX2 tumor implanted in the liver, 
intravenous access was gained via a marginal ear vein, and 0.1 to 0.2 ml (2.5 
to 5 mg) of sodium pentobarbital (Abbott Laboratories, Abbott Park, IL) 
was given periodically to maintain anesthesia. The liver of the rabbit was 
exposed by a midline incision, then an aliquot of the tumor cell suspension 
(0.2 ml) was injected directly using a 21-gauge angiocatheter into the left 
lobe of the liver to develop a solitary lesion with adequate surrounding liver 
parenchyma. The tumor was allowed to grow in the rabbit livers for 11 to 21 
days to induce variable degrees of necrosis. 
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MRI Technique 
 
All 16 rabbits underwent MR imaging immediately before they were 

sacrificed. MR imaging was performed by using clinical 1.5T MR systems 
scanner (CV/i; GE Healthcare, Milwaukee, WI) and dedicated phased-array 
body coils. Acquisitions included a T2 weighted fast spin-echo (FSE) 
imaging with fat suppression (TR/TE 4000/103; FOV 380).  

 
The spectroscopic voxel was positioned within the liver tumor based 

on a combination of 3D-GRE T1 images and T2 sagittal images, to cover 
the entire lesion with minimal inclusion of surrounding tissue. Localized 1H 
MRS was performed with a point-resolved spectroscopy spin-echo 
sequence, which included a WET based water suppression scheme (18). The 
field homogeneity was optimized over the selected voxel of interest using an 
automated 3D-shim followed by optimization with manual shimming as 
needed. The following acquisition parameters were used: TR/TE, 1500/30 
msec; averages 128; spectral width 1000 Hz; and vector size of 1024 data 
points.  

 
Image Analysis 

 
Spectra were processed by a single experienced physicist (--) with 20 

years experience in spectroscopic analysis, using Spectroscopy taskcard 
available on a Siemens workstation running the Syngo platform (Siemens 
Healthcare, Erlangen, Germany). Processing included zero filling to 2048 
data points, multiplication by a Gaussian filter with less than 1-Hz line 
broadening, Fourier transformation, and phase and baseline corrections. 
Automated curve fitting was performed which yielded choline peak 
amplitude, linewidth, and peak integral (area) value. Choline peak area and 
linewidth were tabulated and serial measurements were performed on 
separate days for each tumor. The choline concentration was calculated with 
the internal water reference technique using the following equation:  
 
[Cho] =    S Cho   x           n water              x    f T1water    x   f T2water                       
     S water      n Cho x MW water         f T1Cho            f T2Cho 
 
where [Cho] is the concentration of choline in the tumor; SCho is the integral 
value of choline at 3.22 ppm; Swater is the integral value of the unsuppressed 
water signal; nCho and nwater are the numbers of 1H nuclei contributing to the 
choline and water resonances respectively; MWwater is the molecular weight 
of water; f T1, or (1-exp(-TR/T1)), is the T1 correction factor for partial 
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saturation; f T2, or (exp(-TE/T2)), is the correction factor for signal loss 
from T2 relaxation. Relaxation times T1 and T2 of choline and water in 
tumor voxels of two rabbits were measured. T1 was measured using TE of 
30 ms and eight values of TR between 500ms and 6000ms. T2 was 
measured using TR of  2000 ms and eight TE values between 30 and 400 
ms. The resulting relaxation times are T1cho of (1293 ± 75) ms, T1water of 
(912 ± 200) ms, T2cho of (276 ± 30) ms and T2water of ( 86 ± 11) ms.  

 
Histologic analysis 

 
All animals were euthanized under deep anesthesia by slow injection 

of a lethal dose (100mg/5ml) of sodium pentobarbital intravenously after the 
completion of MR imaging. Immediately after euthanasia, the liver of the 
rabbits was carefully removed and subsequently placed in 10% 
formaldehyde for fixation. After fixation, the liver was examined and the 
liver tumor was dissected out of the nontumorous liver tissue. Tumors were 
sliced at 3- to 4-mm intervals in the axial plane to correspond to the plane of 
the MR images and placed in standard cassettes. To maintain proper 
orientation, the dorsal and medial sides of each slice were stained with 
different colors. All sections were submitted to pathology for histologic 
preparation. The tissue slices were embedded in paraffin and two sections of 
each paraffin block were stained with hematoxylin-eosin (HE). A Nikon 
SMZ800 microscope was coupled with a Nikon digital sight DS-U1 camera 
(resolution 1376 x 1032). Images of the tumors were captured at a 
magnification of ×10. Digital images were first converted to jpeg format and 
then imported into ImageJ 1.37v (NIH, Bethesda, MD). ImageJ software 
was used to estimate the percentage of necrosis within the tumor. For each 
liver tumor the axial slide representing the part of the tumor with the largest 
diameter was selected. For each slide a region of interest (ROI) was 
delineated around the entire tumor and another ROI was delineated around 
the necrotic part of the tumor. The mean ratio of necrotic/total tumor size 
was calculated for each liver tumor. Tumor size was recorded as the 
maximum diameter in mm.  

 
Statistical Analysis 

 
Regression analysis was performed using Microsoft Excel. A 

comparison was made between the choline concentration and the 
percentages of necrosis on pathology. An r-value > 0.7 was considered a 
good correlation, R = 0.4–0.7 a moderate correlation and R < 0.4 a poor 
correlation. 
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RESULTS 

 
All implantations were successful and in all 16 rabbits a solid tumor 

developed. Liver spectra were acquired in all rabbits (Figure 12.1A), all of 
whom tolerated the imaging procedure and related deep anesthesia without 
complications. Results of experiments are presented in Table 12.1. Mean 
duration between implantation and MR imaging was 17 days (Range: 11-
21).  

 
On 1H MRS the spectroscopic voxel size ranged from 1.7-6 cm3, 

depending on the size of the tumor. Although measurements in the liver are 
known to be susceptible to motion artifacts, a good spectral quality was 
consistently observed (Figure 12.1B). A choline resonance was detected at 
3.22 ppm in 13 of the 16 (81%) spectra. However, in 3 animals no spectra 
were detected. Using equation 1, the calculated choline levels ranged from 
0.21-8.96 mmol/kg.  

 
At pathologic analysis a solid tumor was identified in all livers (Figure 

12.1C). Tumors were undifferentiated and consisted of necrotic and viable 
cells. Mean tumor size at pathology was 16 mm (Range: 11-22). Mean 
percentage of necrosis at pathology was 22% (Range: 4-44). Choline 
concentration correlated well with percentage of necrosis at pathology and 
showed an R value of 0.78 (Figure 12.2). 
  

DISCUSSION 
 

Assessment of tumor response after locoregional therapy has become 
increasingly important, since these therapies have become the mainstay of 
treatment for the growing population of patients with unresectable 
hepatocellular carcinoma (HCC) (19). Response to locoregional therapy is 
most often characterized by an increase in tumor necrosis without 
immediate change in tumor size. Therefore, current imaging modalities 
focus on the visualization of tumor necrosis (2). The aim of our study was to 
perform a precise comparison between choline concentration as calculated 
by 1H MRS and percentage of tumor necrosis measured at pathology.  

 
In order to obtain an accurate measurement of necrosis on pathology, 

we followed several steps. First, we created a range of necrosis by allowing 
the liver tumors to grow for various periods after implantation (11-21 days). 
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In our experience, an interval <10 days results in tumors that are too small 
to be characterized by imaging, whereas an interval >21 days may result in 
an unacceptable tumor burden. Next, we carefully aligned the liver 
anatomically after explantation, to match the images in the axial plane. 
Furthermore, we were able to secure the entire tumor on a slide and used 
advanced software to calculate the exact percentage of necrosis per slide. 
Last, for each liver tumor the axial slide representing the part of the tumor 
with the largest diameter was selected and matched with the axial MR image 
in order to precisely compare measurements of necrosis.  

 
1H MRS is a powerful, noninvasive tool for biochemically 

characterizing normal and abnormal tissues in vivo. The clinical use of 1H 
MRS is well established in the brain (20). However detection of metabolites 
other than water and fat in the body has been challenging due to 
contamination from high lipid signals and due to signal distortions and 
signal loss from moving organs. With the availability of techniques that 
overcome these challenges, 1H MRS of other organs besides the brain has 
become possible. In the liver, 1H MRS has been used to evaluate diffuse 
hepatic disease, characterize hepatic lesions and assess early tumor response 
after locoregional therapy (3).  

 
The elevation of choline levels in a lesion detected with 1H MRS can 

be used to distinguish malignant from benign lesions. Choline is one of the 
components of phosphatidylcholine, an essential element of phospholipids 
in the cell membrane. Malignant tumors usually exhibit a high proliferation 
of cells and thus are associated with increased metabolism of cell membrane 
components. This biochemical background will lead to an increased 
presence of choline in viable cancer cells. On the contrary, necrotic tumors 
have a lower cell density, which leads to a decrease of the choline 
concentration (15). In our animal study, a choline resonance was detected in 
13 out of 16 liver tumors. In three animals we were not able to detect a 
choline peak which may be due to breathing and cardiac movement. In 
patients, however, breath-hold acquisitions can be obtained, thereby 
improving the identification of small amounts of choline within the tumors. 

 
In the clinical setting, quantification of the choline concentration is of 

great importance. Various approaches have been utilized to calibrate MR 
signals based on internal or external standards (21). Internal standard 
methods have most often been used to calibrate liver spectra. Their 
utilization is based on the assumption that the concentrations of some 
metabolites such as tissue water are relatively constant. The use of water as 
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an internal reference has found widespread use in single-voxel 1H MRS 
(22). Acquisition of the large water signal as an internal reference requires 
few averages and a short scan time. Measurements with and without water 
suppression are acquired from the same selected volume without the need 
for additional shimming between measurements. In our study, we 
consistently observed a high intensity water peak, which was positioned at 
4.7 ppm used a reference with in vivo 1H MRS.  

 
Our study showed that the choline concentration measured with 1H 

MRS had a strong correlation with tumor necrosis at pathology (n = 13, R = 
0.78). A high percentage of necrosis at pathology corresponded with a low 
choline concentration measured on 1H MRS, whereas a low percentage of 
necrosis corresponded with a high choline concentration. Therefore, 1H 
MRS may be useful in determining tumor response after locoregional 
therapy. 

 
This study has several limitations. First, the VX2 tumor used in our 

study is of non-hepatic origin. However, it has proven to be convenient to 
study liver cancer in the animal because of the similarities in blood supply, 
genotype and metabolism to advanced human HCC (23). Second, since it is 
difficult to use breath-holding or respiratory gating techniques in rabbits, 
respiratory movement during abdominal MR imaging might degrade image 
quality to some extent and cause variations in measurements. Third, the use 
of an internal reference standard may be influenced by the variation in 
concentration under pathologic conditions.  

 
In conclusion, our study demonstrated that the quantification of tumor 

necrosis by measuring choline concentrations in liver tumors using 1H MRS 
with water as an internal reference was feasible. The calculated choline 
levels correlated well with the percentage of tumor necrosis at pathology. 
Therefore, it is expected that quantitative 1H MRS measurement might be 
of additional value in the MR imaging of liver tumors. 
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TABLES & FIGURES 

 
 

 

ID 

 

Duration between 

implantation and MRI (days) 

Size at pathology 

(mm) 

Necrosis 

at pathology 

(%) 

Choline concentration 

(mmol/kg) 

1 21 20 27 4.25 

2 21 13.5 33 3.01 

3 21 21.5 27 1.89 

4 21 21.5 30 --- 

5 19 12 44 0.21 

6 19 13 28 2.9 

7 19 17.5 15 3.26 

8 20 13 31 1.26 

9 20 11 11 7.26 

10 20 13 20 8.95 

11 11 14 18 6.62 

12 11 21 7 --- 

13 12 12 4 --- 

14 12 19 19 4.14 

15 12 20 16 8.96 

16 12 16 13 8.71 

 

Mean 

 

 

17 

 

16 

 

22 

 

4.72 

 
Table 12.1 Imaging and pathology variables for all 16 rabbits. 
In animals with ID 4, 12 and 13, the choline peak was not detected. 
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Figure 12.1 (A) shows a typical example of a rabbit VX2 tumor in the left lateral lobe of 
the liver two weeks after implantation. The lesion appears heterogeneously bright on T2 
weighted images. The lesion size in the superior-inferior direction was approximately 15 
mm. The spectroscopic voxel (size 12×20×15 mm3) is superimposed on the hyperintense 
lesion on the T2 image. (B) shows the water suppressed spectrum obtained from this lesion. 
The images on the right indicate the voxel placement within the liver tumor. The spectrum 
consists of a choline (cho) resonance at 3.2 ppm and a lipid resonance at 1.3 ppm, acquired 
with a TR of 1500 ms, TE of 135ms, 64 averages and 1min 36s measurement time. The 
Gaussian model fitting of the choline peak produces a measurement of [Cho] = 8.71 ± 2.18 
mmol/kg. (C) shows the same tumor after H&E staining. 
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Figure 12.2 Correlation between choline concentration and percent necrosis (n = 13, R = 
0.78). 
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PART IV 
 
 
 

SUMMARY 
 
The aims of this thesis were, first, to investigate the toxicities 

associated with trans-arterial chemoembolization (TACE) of liver tumors 
and to evaluate the use of MR imaging in characterizing tumor response 
after this locoregional therapy, second, to further develop intra-arterial 
therapy of liver tumors with 3-bromopyruvate (3-BrPA), a novel anti-cancer 
agent, and finally, to assess the value of new MR imaging techniques in the 
characterization of liver lesions. In Chapter 1, the general introduction, an 
overview of these aims and an outline of the thesis are presented. 

 
Toxicities associated with TACE 

 
One of the main concerns regarding systemic chemotherapy in the 

treatment of liver cancer is the fact that patients who receive this form of 
treatment may experience side effects that include pain, nausea, vomiting, 
myelosuppresion, and alopecia and/or serious adverse events such as cardiac 
toxicity. The subjectively reported side effects of TACE are mild compared 

with those caused by systemic chemotherapy. Because the focus of most 
studies is patient survival rather than toxicities caused by TACE, precise 
analysis of potential TACE-induced systemic toxicities is lacking. 
Therefore, in Chapter 2, we determined the toxicity profiles of TACE at 6 
months and 1 year after treatment in patients with HCC using a standardized 
oncology protocol (CTCAE, version 3.0) so that TACE could be compared 
with the use of the systemic chemotherapeutic agents most commonly used 
for liver cancer (ie, doxorubicin, cisplatin, and 5-fluorouracil). Grade 3 or 4 
toxicity 6 and 12 months, respectively, after treatment included 
leukocytopenia (7% and 19%); anemia (9% and 19%); thromobocytopenia 
(13% and 23%); prolonged activated partial thromboplastin time (8% and 
18%); elevated aspartate aminotransferase (15% and 18%), alanine 
aminotransferase (10% and 18%), and alkaline phosphatase (8% and 18%) 
levels; hypoalbuminemia (10% and 19%); hyperbilirubinemia (10% and 
22%); and alopecia (18%). These toxicity rates were considerably lower 
than those reported after treatment with currently used systemic 
chemotherapeutic agents, whose dosing is limited by systemic toxicity.  Our 
study results showed that TACE has a favorable long-term toxicity profile in 
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patients with HCC. These data clearly support the role of TACE in the 
treatment of patients with nonresectable HCC. Furthermore, these results 
give clinicians a good overview of the toxicities that can be expected after 
TACE and thereby will be helpful for optimizing treatment strategies.  

 
MR imaging after TACE 

 
In Chapter 3, we summarized the current available literature on the 

role of MR imaging in assessing treatment response after various 
locoregional therapies that are commonly used to treat patients with hepatic 
malignancies. Assessment of tumor response after locoregional therapies is 
important in determining treatment success and in guiding future therapy. 
Magnetic resonance imaging plays an important role in evaluating treatment 
response to new therapies directed toward liver cancer treatment. The 
traditional and accepted criteria to characterize tumor response in oncology, 
namely the Response Evaluation Criteria in Solid Tumors (RECIST) and the 
European Association for the Study of the Liver (EASL) criteria, use 
decrease in tumor size and lesion enhancement as an indicator of successful 
therapy. A more recent evaluation method is the Apparent Diffusion 
Coefficient (ADC) measured by diffusion-weighted MR imaging. 
Diffusion-weighted MR imaging and ADC values map the thermally 
induced motion of water molecules in tissues and thereby are able to 
provide insight into tumor microstructure. We described the role of tumor 
size and lesion enhancement as well as ADC mapping. We also discussed 
the magnetic resonance imaging findings after radiofrequency ablation 
(RFA), TACE and radioembolization. 

 
In the subsequent chapters of Part I we assessed the value of 

functional MR imaging in the evaluation of early tumor response after 
TACE. Furthermore, we compared tumor response based on functional MR 
imaging versus traditional imaging assessment based on iodized oil 
deposition, tumor size, and tumor enhancement. According to protocol, 
patients received contrast medium–enhanced and diffusion MR imaging 4–6 
weeks after TACE to assess tumor response. Chapter 4 focused on breast 
cancer liver metastases, which are mainly hypovascular in nature. We 
evaluated a total number of 27 lesions, with a mean diameter of 5.5 cm. 
Although mean tumor size decreased by 18% after treatment, no tumors met 
RECIST for complete response (ie, complete disappearance of target 
lesions) and only 7 of 27 met RECIST for partial response (i.e., >30% 
decrease in target lesion size). After treatment, decrease of tumor 
enhancement in the arterial (32%) and portal venous (39%) phases was 
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statistically significant (p < 0.0001). Mean tumor ADC increased by 27% (p 
< 0.0001) after TACE, whereas ADC remained unchanged in non-tumorous 
liver, spleen, and kidney.  

 
In Chapter 5 we analyzed liver metastases derived from 

neuroendocrine primaries, which are mainly hypervascular in nature. We 
analyzed 66 targeted lesions in 26 patients (18 men, eight women; mean 
age, 57 years) with hepatic metastases of neuroendocrine tumors treated 
with TACE. Mean tumor size and percentage enhancement in the arterial 
and portal venous phases decreased significantly after treatment (p < 
0.0001). The tumor ADC increased from 1.51 x 10-3 mm2/sec before 
treatment to 1.79 x 10-3 mm2/sec after treatment (p < 0.0001), but the ADCs 
for the liver and spleen remained unchanged. Despite the change in tumor 
size, no patient in this cohort achieved complete response according to 
World Health Organization criteria and Response Evaluation Criteria in 
Solid Tumors, which was in line with our findings in the breast cancer 
cohort described in Chapter 4. Partial response was achieved in only 27% 
and 23% of the patients according to the respective criteria. 

 
We confirmed these data in metastatic leiomyosarcoma (Chapter 6) 

and metastatic ocular melanoma (Chapter 7). A total of 31 liver lesions 
were evaluated in 10 patients with metastatic leiomyosarcoma using MR 
imaging studies before and after TACE. These lesions had a mean size of 
4.8 cm before treatment. Tumor size decreased only by 2% immediately 
after treatment. Decrease of tumor enhancement after treatment was 
significant (p < 0.0001) in the arterial phase (69%) as well as in the portal 
venous phase (64%). After TACE, mean tumor ADC increased by 20% (p = 
0.0015), whereas mean non-treated liver, spleen, and muscle ADC values 
did not change significantly (p = 0.44, p = 0.287, and p = 0.098, 
respectively).  

 
In Chapter 7, a total of 21 metastatic ocular melanoma liver lesions 

were evaluated in six patients. Arterial phase enhancement decreased 41% 

after TACE, and the decrease was statistically significant (p = 0.0002). 
Venous phase enhancement decreased 56%, also statistically significant (p < 
0.0001). Diffusion-weighted MRI was useful in monitoring response after 
treatment. The mean tumor ADC increased 48% after TACE (p = 0.0003), 
whereas the ADC remained unchanged in non-tumorous liver, spleen, and 
muscle. Although mean tumor size decreased 16% from 4.9 to 4.1 cm after 
TACE, none of the lesions met the RECIST for complete response 
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(disappearance of all measurable disease), and only eight lesions were 
considered partial responders (> 30% decrease in size).  

 
Taken together, our results showed that in patients with liver 

metastases treated with TACE, although changes in tumor size were small, 
significant early changes in the treated lesions occurred on contrast 
medium–enhanced and diffusion-weighted MR imaging. These changes 
included decrease in tumor enhancement and increase in tumor ADC value, 
which suggest increasing tumor necrosis and cell death and can therefore be 
used to assess response of targeted tumors.  

 
Intra-arterial treatment with 3-bromopyruvate 

 
In Part II, we focused on the development of a new therapeutic 

strategy for liver cancer. 3-BrPA, a synthetic brominated derivate of pyruvic 
acid, acts as an irreversible glycolytic inhibitor and is a highly promising 
candidate for intra-arterial administration in patients with liver cancer. 
Various studies showed that 3-BrPA is a potent inhibitor of tumor cell 
proliferation in vitro. Moreover, the ability of 3-BrPA to promote cancer 
cell death has been demonstrated during in vivo pre-clinical testing, 
resulting in significant survival benefit in various animal models. 

 
In Chapter 8, we compared the influence of partial hepatectomy, intra-

arterial treatment with 3-BrPA and TACE in the treatment of liver cancer. 
VX2 tumors were implanted in the left lateral lobe of the liver of 20 rabbits. 
Tumors were allowed to grow for 14 days. Rabbits were divided in four 
groups. Group 1 (n = 2) was sacrificed 14 days post implantation. Groups 2, 
3 and 4 (n = 6 per group) underwent left lateral hepatectomy, a 1 h intra-
arterial infusion with 3-BrPA and TACE, respectively. Animals in groups 2, 
3 and 4 were further subdivided into three groups of two animals each 
corresponding to the time-point of sacrifice after the procedure (7, 14 and 21 
days, respectively). After sacrifice, organs were harvested, fixed and 
analyzed. Pathologic examination showed lung metastases in all 20 rabbits. 
Abdominal cavity dissemination was seen in five rabbits in Group 2, two 
rabbits in Group 3 and all rabbits in Group 4. Kidney metastases were seen 
in two rabbits treated with TACE. We concluded, that intra-arterial delivery 
of 3-BrPA may result in a favorable metastatic profile when compared to 
both liver resection and TACE for the treatment of liver cancer. 

 
The aim of Chapter 9 was to determine the biodistribution and tumor 

targeting ability of 14C-labeled 3-bromopyruvate ((14C) 3-BrPA) after intra-
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arterial and intravenous delivery in the VX2 rabbit model. In addition, we 
evaluated the effects of (14C) 3-BrPA on tumor and healthy tissue glucose 
metabolism by determining 18F-deoxyglucose (FDG) uptake. Last, we 
determined the survival benefit of intra-arterial administered 3-BrPA. In 
total, 60 rabbits with VX2 liver tumor received either 1.75 mM [14C] 3-
BrPA via intra-arterial administration, 1.75 mM [14C] 3-BrPA via 
intravenous administration, 20 mM [14C] 3-BrPA via intravenous 
administration, or 25 ml of phosphate-buffered saline (PBS). All rabbits 

(with the exception of the 20 mM intravenous group) received FDG 1 h 
before sacrifice. Next, we compared survival of animals treated with intra-
arterial administered 1.75 mM 3-BrPA in 25 ml of PBS (n = 22) with 
controls (n = 10). After intra-arterial infusion, tumor uptake of [14C] 3-BrPA 
was 1.8 ± 0.2% percentage of injected dose per gram of tissue (%ID/g), 
whereas other tissues showed minimal uptake. After intravenous 
administration (1.75 mM), tumor uptake of [14C] 3-BrPA was 0.03 ± 0.01% 
ID/g. After intra-arterial administration of [14C] 3-BrPA, tumor uptake of 
FDG was 26 times lower than in controls. After intravenous administration 
of [14C] 3-BrPA, there was no significant difference in tumor FDG uptake. 
Survival analysis showed that rabbits treated with 1.75 mM 3-BrPA 
survived longer (55 days) than controls (18.6 days). We can therefore 
conclude that intra-arterially delivered 3-BrPA has a favorable 
biodistribution profile, combining a high tumor uptake resulting in blockage 
of FDG uptake with no effects on healthy tissue. The local control of the 
liver tumor by 3-BrPA resulted in a significant survival benefit. 

 
In a subsequent study (Addendum) we evaluated the anti-glycolytic 

effects of 3-BrPA on rats bearing RMT mammary tumors, by determining 
FDG uptake after intravenous administration of the therapeutic dose. 16 rats 
bearing RMT tumors were treated either with 15 mM 3-BrPA in 2.5 ml of 
PBS or with 2.5 ml of PBS. After treatment, all rats received FDG and were 
sacrificed 1 h later. 3-BrPA treatment significantly decreased FDG uptake in 
tumors by 77% (p < 0.002). FDG uptake did not significantly decrease in 
normal tissues after treatment. Our study showed that 3-BrPA exhibits a 
strong anti-glycolytic effect on RMT cells implanted in rats. 

 
Advances in imaging of liver lesions 

 
Diagnostic imaging is crucial in determining treatment strategies in 

patients with liver cancer. In Part III we discussed advances in imaging of 
liver lesions. In Chapter 10, we assessed the accuracy of diffusion-weighted 
MR imaging in differentiating between hemangiomas and other relatively 
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common hypervascular liver lesions, including focal nodular hyperplasia 
(FNH), HCC, and hypervascular liver metastases. A retrospective review of 
182 hypervascular liver lesions in 117 patients was performed. Lesions 
included were typical and atypical hemangioma (n = 38), HCC (n = 58), 
FNH (n = 22), and neuroendocrine tumor metastases (NET; n = 64) with a 
mean tumor size of 5.3 cm. Mean ADC value for hemangioma, HCC, FNH, 
and NET was 2.29 × 10-3, 1.55 × 10-3, 1.65 × 10-3, and 1.43× 10-3 mm2/sec, 
respectively. There was a statistically significant difference in the ADC 
value of hemangioma compared with that of FNH (p < 0.001), HCC (p < 
0.001), and NET (p < 0.001), respectively. The area under the receiver 
operating characteristic curve was 0.91. These data support our hypothesis 
that diffusion-weighted MR imaging and ADC maps can provide rapid 
quantifiable information to differentiate typical and atypical hemangiomas 
from other hypervascular liver lesions. 

 
Another approach to tumor characterization and treatment evaluation 

is the use of tissue-specific contrast media. Chapter 11 reported on the role 
of diffusion-weighted MR imaging in determining tumor necrosis and 
contrast-enhanced MR imaging using Gd-EOB-DTPA. Maximum tumor 
size measurement and tumor delineation were determined and compared to 
gold standard histologic measurements in the rabbit VX2 liver tumor model. 
On contrast-enhanced MR imaging (acquired in 11 rabbits), mean tumor 
size was 20 mm, 19 mm and 20 mm in the arterial, portal venous and 
delayed phase, respectively. 

 
Tumor delineation was best distinguishable in the delayed phase. On 

diffusion-weighted MR imaging (acquired in 13 rabbits), mean tumor ADC 
value was 1.84 x 10-3 mm2/sec. Mean tumor size at pathology was 16 mm. 
Mean percentage necrosis at pathology was 36%. 

 
Correlation between ADC value and percentage necrosis showed an R 

value of 0.68. Contrast-enhanced MR imaging using Gd-EOB-DTPA may 
provide additional information about tumor outline in the liver. Moreover, 
we showed a remarkable correlation between ADC values and tumor 
necrosis. Thus, diffusion weighted imaging may be useful to assess tumor 
necrosis; nevertheless, the search for new modalities remains important. 

 
Finally, Proton MR spectroscopy (1H MRS) is an imaging technique 

that may be utilized to quantify biochemical metabolite concentrations. In 
Chapter 12 we compare the metabolic (absolute quantification of tumor 
choline concentration) MR imaging findings to percent necrosis at 
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pathology in rabbits bearing VX2 liver tumors. VX2 tumors were implanted 
in the liver of 16 rabbits. Mean tumor size at pathology was 16 mm (range: 
12-22). Mean percentage of necrosis at pathology was 22 % (range: 4 - 
44%). Choline concentration correlated well with percentage of necrosis at 
pathology and showed an R value of 0.78. In conclusion, choline 
concentration showed a relatively high correlation with tumor necrosis at 
pathology. Therefore, 1H MRS may be useful to assess tumor necrosis. 
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SAMENVATTING 
 

De doelstellingen van dit proefschrift waren 1. om de bijwerkingen 
van transarteriële chemo-embolisatie (TACE) voor lever tumoren te 
onderzoeken en om het gebruik van MR beeldvorming te evalueren voor het 
characterizeren van tumor respons na deze locoregionale therapie. 2. om 
intra-arteriële behandeling van lever tumoren met 3-bromopyruvate, een 
nieuw potentieel antikanker medicijn, verder te ontwikkelen en 3. om de 
waarde van nieuwe MR beeldvorming technieken te beoordelen voor de 
karakterisatie van lever tumoren. In hoofdstuk 1, de algemene introductie, 
wordt een overzicht gegeven van deze doelstellingen en de indeling van dit 
proefschrift. 

 
Bijwerkingen van TACE 

 
Een van de grootste bezwaren omtrent systemische chemotherapie 

voor de behandeling van lever kanker is het optreden van bijwerkingen 
zoals pijn, misselijkheid, vomitus, beenmerg suppressie, alopecia en hart 
toxiciteit. De subjectieve bijwerkingen van TACE zijn mild in vergelijking 
met die van systemische chemotherapie. Omdat de focus van de meeste 
studies ligt op de gemiddelde algemene overleving, in plaats van bijwerken 
veroorzaakt door TACE, mist er een gedetailleerde analyse van de 
bijwerkingen na deze locoregionale therapie. In hoofdstuk 2 hebben we de 
bijwerkingen van TACE 6 maanden en 1 jaar na behandeling van patiënten 
met HCC geanalyseerd met behulp van een gestandaardiseerd oncologisch 
system (CTCAE, versie 3.0) opdat de bijwerkingen na TACE kunnen 
worden vergeleken met de bijwerkingen van conventionele systemische 
chemotherapie gebruikt in de behandeling van lever kanker (doxorubicin, 
cisplatin en 5- fluorouracil). Geobserveerde graad 3 of 4 bijwerkingen 6 en 
12 maanden na behandeling waren respectievelijk leukocytopenie (7% en 
19%); anemie (9% en 19%); verhoogde aPTT (8% en 18%); 
thromobocytopenie (13% en 23%); verhoogd AST (15% en 18%); verhoogd 
ALT (10% en 18%); verhoogd alkalisch fosfatase (8% en 18%); verlaagd 
albumine (10% en 19%); verhoogd bilirubine (10% en 22%) en alopecia 
(18%). De geobserveerde bijwerken waren aanzienlijk minder dan de mate 
van bijwerkingen na conventionele chemotherapie zoals deze bekend zijn in 
de literatuur. Onze studie toonde aan dat TACE een mild 
bijwerkingspatroon vertoont in patiënten met HCC. Onze data bevestigen de 
rol van TACE in de behandeling van niet operabel HCC. Bovendien geven 
onze resultaten een goed overzicht voor clinici over de te verwachten 
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bijwerkingen na behandeling met TACE en zullen daarom belangrijk zijn in 
het verbeteren van behandelingsstrategieën. 

 
MR beeldvorming na TACE 

 
In hoofdstuk 3 geven we een samenvatting van de huidige literatuur 

over de rol van MR beeldvorming in het evalueren van tumor respons na 
verschillende locoregionale therapieën die op dit moment in gebruik zijn 
voor de behandeling van lever tumoren. Het evalueren van tumor respons na 
locoregionale therapieën is belangrijk in het bepalen van het success van de 
gekozen behandeling en het opstellen van een behandelplan. MR 
beeldvorming speelt een belangrijke rol in de evaluatie van tumor respons 
na nieuwe locoregionale therapieën gericht op de behandeling van lever 
kanker. De conventionele algemeen geaccepteerde criteria voor het bepalen 
van tumor repons in de oncologische wereld, namelijk de RECIST en EASL 
criteria, zijn gebaseerd op een afname van tumor grootte en het verminderd 
aankleuren van de tumor. Een recentere methode van evaluatie is de 
diffusiemap (ADC) zoals gemeten door diffusie gewogen MR 
beeldvorming. Diffusie gewogen MR beeldvorming en ADC waardes meten 
de temperatuur afhankelijke beweeglijkheid van watermoleculen in weefsels 
en geven daarbij inzicht in de tumor micro-omgeving. Wij beschrijven de 
rol van tumor grootte, het verminderd aankleuren en veranderde ADC 
waardes na behandeling met RFA, TACE en radio-embolisatie. 

 
In de daaropvolgende hoofdstukken van deel I analyseren we het 

gebruik van functionele MR beeldvorming in het evalueren van tumor 
repons na TACE. Ook vergelijken we tumor respons zoals bepaald met 
behulp van functionele MR beeldvorming met tumor respons bepaald met 
behulp van traditionele beeldvorming aan de hand van lipiodol depositie, 
verandering van tumor grootte en verminderde oplichting. In hoofdstuk 4 
richten we ons op lever metastasen van borstkanker, die voornamelijk 
hypovasculaire kenmerken hebben. We hebben een total aantal van 27 
laesies geëvalueerd met een gemiddelde diameter van 5.5 cm. Hoewel tumor 
grootte met 18% verminderde na TACE, voldeed geen enkele laesie aan de 
RECIST criteria voor volledige tumor response (dat wil zeggen het volledig 
verdwijnen van de laesie na behandeling) en slechts 7 van de 27 laesies 
voldeden aan de RECIST criteria voor partiële respons (dwz >30% afname 
in tumor grootte). Na TACE werd er een significante vermindering gezien in 
het aankleuren van de laesies, zowel in de arteriele fase (32%) als in de 
portale fase (39%) (p < 0.0001). De gemiddelde ADC waarde van de tumor 
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nam toe met 27% (p < 0.0001) na TACE, terwijl de ADC waarde van de 
gezonde lever, milt en nier onveranderd bleef.  

 
In hoofdstuk 5 bestuderen we lever metastasen van neuroendocrine 

tumoren, die voornamelijk hypervasculair zijn. We analyseerden  66 met 
TACE behandelde laesies in 26 patiënten (18 mannen en 8 vrouwen, met 
een gemiddelde leeftijd van 57 jaar) met neuroendocriene lever metastasen. 
De gemiddelde tumor grootte en het aankleuren in de arteriële en portale 
fase verminderde significant na de behandeling (p < 0.0001). De 
gemiddelde ADC waarde van de tumor nam toe van 1.51 x 10-3 mm2/sec 
voorafgaande aan de behandeling tot 1.79 x 10-3 mm2/sec na de behandeling 
(p < 0.0001), terwijl de ADC waardes van de gezonde lever en milt 
onveranderd bleven. Ondanks de afname van de tumor grootte na de 
behandeling, voldeed geen enkele patiënt in ons cohort aan de criteria van 
de WHO en RECIST voor tumor repons, hetgeen in overeenkomst is met de 
gevonden resultaten in het borstkanker cohort zoals beschreven in hoofdstuk 
4. Partiële repons werd slechts waargenomen in 27% (WHO criteria) en 
23% (RECIST) van de patiënten.  

 
In de volgende hoofdstukken bevestigen we deze resultaten in lever 

metastasen van patiënten met een leiomyosarcoom (hoofdstuk 6) en lever 
metastasen van patiënten met een oog melanoom. We evalueerden 31 lever 
metastasen in 10 patiënten met een leiomyosarcoom met behulp van MR 
beeldvorming voor en na behandeling met TACE. Deze tumoren hadden een 
gemiddelde grootte van 4.8 cm voor de behandeling. De tumor grootte 
verminderde slechts met 2% direct na de behandeling. De aankleuring van 
de tumor verminderde significant na de behandeling, zowel in de arteriele 
fase (69%) als in de portaal veneuze fase (64%) (p < 0.0001). Na TACE 
nam de gemiddelde ADC waarde van de tumor toe met 20 % (p = 0.0015), 
terwijl de ADC waardes van de gezonde, onbehandelde lever, milt en spier 
geen significante veranderingen lieten zien (p = 0.44, p = 0.287 en p = 
0.098, respectievelijk). De gemiddelde overleving van het cohort was 21 
maanden na de eerste behandeling met TACE. 

 
In hoofdstuk 7 evalueren we 21 lever metastasen in 6 patiënten met 

een oog melanoom. Aankleuring in de arteriele fase nam af met 41% na 
TACE, en dit verschil was statistisch significant (p = 0.0002). Oplichting in 
de portaal veneuze fase verminderde met 56% en ook dit verschil was 
statistisch significant (p < 0.0001). Diffusie gewogen MRI was geschikt 
voor het evalueren van tumor respons na de behandeling met TACE. De 
gemiddelde ADC waarde van de tumor nam toe met 48% na TACE (p = 
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0.0003), terwijl de ADC waardes van de gezonde lever, milt en spier 
onveranderd bleven. Hoewel de gemiddelde tumor grootte afnam met 16% 
van 4.9cm tot 4.1 cm na de behandeling, geen enkele tumor voldeet aan de 
criteria voor algehele repons volgens RECIST en slechts 8 tumoren 
voldeden aan de criteria voor partiele repons. 

 
Samengevat, ook al waren de veranderingen in tumor grootte na 

behandeling met TACE in patiënten met lever metastasen klein, contrast 
MR beeldvorming en diffusie gewogen MR beeldvorming waren in staat 
significante veranderingen waar te nemen kort na de behandeling met 
TACE. Deze veranderingen waren een afname in het aankleuren van de 
tumor en een toename in de ADC waarde van de tumor. Beide suggeren een 
toename in necrose en het afsterven van de tumor cellen en kunnen daarom 
gebruikt worden voor het evalueren van tumor respons in met TACE 
behandelde tumoren. 

 
Intra-arteriële behandeling met 3-bromopyruvate 

 
In deel 2 leggen we ons toe op de ontwikkeling van een nieuwe 

behandeling strategie voor lever kanker. 3-BrPA, een synthetisch 
gebromineerd derivaat van pyruvaat zuur, zorgt voor een onomkeerbare 
inhibitie van glycolyse en is een veelbelovende kandidaat voor de intra-
arteriële behandeling van lever kanker. 

 
In hoofdstuk 8 vergelijken we het success van partiële lever resectie, 

intra-arteriële behandeling met 3-BrPA en TACE in de behandeling van 
lever kanker in een diermodel. VX2 tumoren werden geïmplanteerd in de 
linker lever kwab van 20 konijnen en groeiden 2 weken. Vervolgens werden 
de konijnen verdeeld in 4 groepen. Groep 1 (n = 2) werd 2 weken na tumor 
implantatie opgeofferd. Groep 2, 3 en 4 (n = 6 per groep) werden behandeld 
met respectievelijk een partiele lever resectie, intra-arteriel toegediende 3-
BrPA en TACE. De dieren in deze groepen werden verder onderverdeeld in 
3 groepen met elk 2 dieren, corresponderend met het tijdpunt waarop de 
dieren werden opgeofferd (respectievelijk 7, 14 en 21 dagen). Na sterfte 
werden alle organen uitgenomen, gefixeerd en geanalyseerd. Pathologische 
analyse liet long metastasen zien in alle dieren. Metastasen in de buikholte 
werden gezien in 5 dieren in groep 2, 2 dieren in groep 3 en alle dieren in 
groep 4. Nier metastasen werden gevonden in 2 dieren behandeld met 
TACE. Onze resultaten laten zien dat intra-arteriele therapie met 3-BrPA 
kan resulteren in gunstigere metastatische kenmerken dan na behandeling 
met resectie of TACE. 
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Het doel van hoofdstuk 9 was om de biodistributie en tumor 
selectiviteit van intra-arterieel toegediend 14C gelabeld 3-BrPA te 
vergelijken met intraveneus toegediend 14C 3-BrPA door gebruik te maken 
van het VX2 lever kanker diermodel. Ook evalueerden we het effect van 3-
BrPA op het glucose metabolisme van tumor en gezond weefsel door de 
opname van FDG te bepalen. Ten slotte onderzochten we de invloed van 
intra-arterieel toegediend 3-BrPA op overleving. 60 konijnen met VX2 lever 
tumoren werden behandeld met 1.75 mM [14C] 3-BrPA, intra-arterieel 
toegediend, 1.75 mM [14C] 3-BrPA, intraveneus toegediend, 20 mM [14C] 3-
BrPA intraveneus toegediend, of 25 ml zoutoplossing. Alle konijnen 
(behalve de dieren in de 20 mM groep) kregen FDG toegediend 1 uur voor 
sterfte. Vervolgens vergeleken we de overleving van dieren behandeld met 
intra-arterieel toegediend 1.75 mM 3-BrPA (n = 22) met controle dieren (n 
= 10). Na intra-arteriele toediening was tumor opname van [14C] 3-BrPA 1.8 
± 0.2% van de toegediende dosis per gram weefsel (%TD/g), terwijl alle 
andere weefsels minimale opname lieten zien. Na intraveneuze toediening 
(1.75 mM) was tumor opname van [14C] 3-BrPA 0.03 ± 0.01% TD/g. Na 
intra-arteriële toediening van 3-BrPA was de FDG opname in de tumor 26 
maal lager dan de FDG opname in controle dieren. Na intraveneuze 
toediening van [14C] 3-BrPA werd er geen verschil gezien in de opname van 
FDG door de tumor in vergelijking met controle dieren. Konijnen behandeld 
met intra-arterieel toegediend 1.75 mM 3-BrPA leefden significant langer 
(55 dagen) dan controle dieren (18.6 dagen). Daaruit concluderen we dat 
intra-arterieel toegediend 3-BrPA een gunstig biodistributie patroon heeft, 
dat resulteert in een hoge opname door de tumor terwijl gezonde weefsels 
gespaard blijven. De locale controle van de lever tumor door intra-arterieel 
toegediend 3-BrPA leidt tot een significant grotere overlevingskans. 

 
In een vervolgstudie (Addendum) evalueren we de anti-glycolytische 

effecten van 3-BrPA in ratten met RMT tumoren, door de FDG opname te 
bepalen na intraveneuze toediening van de therapeutische dosis. Zestien 
ratten met RMT tumoren werden behandeld met 15 mM 3-BrPA in 2.5 ml 
zoutoplossing of met 2.5 ml zoutoplossing zonder 3-BrPA. Na behandeling 
ontvingen alle dieren FDG en werden 1 uur later opgeofferd. Behandeling 
met 3-BrPA resulteerde in een met 77% verminderde FDG opname in de 
tumoren (p < 0.002). Gezonde weefsels lieten geen significant verschil zien 
in FDG opname na de behandeling met 3-BrPA. Onze resultaten laten zien 
dat 3-BrPA een sterk antiglycolytisch effect heeft op RMT tumoren in 
ratten. 
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Nieuwe ontwikkelingen in de beeldvorming van lever tumoren 
 
Diagnostische beeldvorming speelt een grote rol in het vormen van 

beslissingen omtrent behandelingsstrategieen voor patienten met lever 
kanker. In deel III behandelen we de nieuwe ontwikkelingen in de 
beeldvorming van lever tumoren. In hoofdstuk 10 onderzoeken we de 
juistheid van diffusie gewogen MRI in het onderscheiden van hemangiomen 
van andere veel voorkomende hypervasculaire lever tumoren zoals focale 
nodulaire hyperplasie (FNH), hepatocellulair carcinoom (HCC) en 
hypervasculaire lever metastasen. 182 hypervasculaire lever tumoren in 117 
patienten werden retrospectief geanalyseerd. De tumoren werden als volgt 
geclassificeerd: typisch en atypisch hemangioom (n = 38), HCC (n = 58), 
FNH (n = 22) en lever metastasen van neuroendocriene tumoren (n = 64) 
met een gemiddelde tumor grootte van 5.3 cm. De gemiddelde ADC 
waardes voor hemangiomen, HCC, FNH en metastasen waren 
respectievelijk 2.29 x 10-3, 1.55 x 10-3, 1.65 x 10-3 en 1.43 x 10-3. We 
vonden een statistisch significant verschil in ADC waardes van 
hemangiomen in vergelijking met ADC waardes van FNH (p < 0.001), HCC 
(p < 0.001) en metastasen (p < 0.001). De oppervlakte onder de ROC 
grafiek was 0.91. Deze resultaten ondersteunen de hypothese dat diffusie 
gewogen MRI snelle, accurate en kwantificeerbare  informatie kan geven en 
zo een onderscheid kan maken tussen hemangiomen en andere 
hypervasculaire lever tumoren. 

 
Een andere toepassing voor het karakteriseren van lever tumoren is het 

gebruik van weefsel specifieke contrast vloeistoffen gedurende MR 
beeldvorming. In hoofdstuk 11 rapporteren we de rol van diffusie gewogen 
MR beeldvorming in het bepalen van tumor necrose en de rol van contrast 
MR beeldvorming. Maximale tumor grootte en tumor omlijning worden 
bepaald in het VX2 diermodel en vergeleken met de gouden standard, 
gemeten gedurende histologisch onderzoek. Op contrast MR beeldvorming 
(n = 11), de gemiddelde tumor grootte was respectievelijk 20 mm, 19mm en 
20 mm in de arteriële, portaal veneuze en laat veneuze fase. Tumor 
omlijning was het best waar te nemen in de vertraagde fase. Op diffusie 
gewogen MR beeldvorming, de gemiddelde ADC waarde was 18.4 x 10-3 
mm2/sec. De gemiddelde tumor grootte tijdens pathologische analyse was 
16 mm. Tijdens pathologische analyse werd er gemiddeld 36% necrose 
gezien. Correlatie tussen ADC waardes en het necrose percentage liet een R 
waarde van 0.68 zien. Hieruit concluderen wij dat de contrast vloeistof Gd-
EOB-DTPA van toegevoegde waarde kan zijn bij het weergeven van tumor 
omlijning op MR beeldvorming. Bovendien lieten we een goede correlatie 
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zien tussen de ADC waarde enerzijds en het necrose percentage anderzijds. 
Dit ondersteunt onze hypothese dat diffusie gewogen MR beeldvorming 
nuttig kan zijn in het evalueren van tumor necrose. Desondanks blijft de 
zoektocht naar nieuwe, betere modaliteiten belangrijk. 

 
Ten slotte is proton MR spectroscopie een beeldvormende techniek 

die gebruikt kan worden voor het kwantificeren van biochemische 
concentraties van metabolieten. In hoofdstuk 12 vergelijken we metabole 
(absolute kwantifikatie van de choline concentratie) MR beeldvorming met 
de gevonden hoeveelheid necrose tijdens pathologisch onderzoek in VX2 
lever tumoren in konijnen. De gemiddelde tumor grootte tijdens 
pathologisch onderzoek was 16 mm (n = 16). De gemiddelde hoeveelheid 
necrose was 22 %. De choline concentratie in de tumor liet een sterke 
correlatie zien met de hoeveelheid necrose (R = 0.78). Hieruit concluderen 
wij dat proton MR spectroscopie nuttig kan zijn voor het bepalen van tumor 
necrose. 
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