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Abstract

OBJECTIVE—The objective of our study was to report our initial experience with dynamic
contrast-enhanced MRI (DCE-MRI) for perfusion quantification of hepatocellular carcinoma
(HCC) and surrounding liver.

SUBJECTS AND METHODS—DCE-MRI of the liver was prospectively performed on 31
patients with HCC (male-female ratio, 26:5; mean age, 61 years; age range, 41-83 years). A
dynamic coronal 3D FLASH sequence was performed at 1.5 T before and after injection of
gadolinium-based contrast agent with an average temporal resolution of 3.8 seconds. Regions of
interest were drawn on the abdominal aorta, portal vein, liver parenchyma, and HCC lesions by
two observers in consensus. Time-activity curves were analyzed using a dual-input single-
compartment model. The following perfusion parameters were obtained: arterial flow, portal
venous flow, arterial fraction, distribution volume, and mean transit time (MTT).

RESULTS—Thirty-three HCCs (mean size, 3.9 cm; range, 1.1-12.6 cm) were evaluated in 26
patients. When compared with liver parenchyma, HCC showed significantly higher arterial hepatic
blood flow and arterial fraction (p < 0.0001) and significantly lower distribution volume and portal
venous hepatic blood flow (p < 0.0001-0.023), with no difference in MTT. Untreated HCCs (n =
16) had a higher arterial fraction and lower portal venous hepatic blood flow value than
chemoembolized HCCs (n=17, p<0.04).

CONCLUSION—DCE-MRI can be used to quantify perfusion metrics of HCC and liver
parenchyma and to assess perfusion changes after HCC chemoembolization.

© American Roentgen Ray Society

Address correspondence to B. Taouli (bachir.taouli@mountsinai.org).
Deceased.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Taouli et al.

Keywords

Page 2

chemoembolization; dynamic contrast-enhanced MRI; hepatocellular carcinoma; perfusion

Angiogenesis is critical for the growth and metastatic progression of hepatocellular
carcinoma (HCC) [1-3] and involves different molecular pathways, including vascular
endothelial growth factor [4-6]. HCC presents typically with an exclusive or near exclusive
arterial supply, which prompts the use of transarterial chemoembolization (TACE) and
systemic molecular targeted therapies [7, 8].

Dynamic contrast-enhanced MRI (DCE-MRI) enables quantification of the vascular
characteristics of tissue and tumor [9-11]. DCE-MRI requires IV injection of a gadolinium-
based contrast agent and uses high-temporal images that capture changes in MR signal
intensity (SI) as a function of time. Tracer kinetic modeling based on DCE-MRI has been
used to detect liver fibrosis and cirrhosis and to assess tumor angiogenesis [12-17]. Recent
studies using perfusion CT [18-20] and DCE-MRI [16, 21-24] showed potential for
quantifying perfusion of malignant liver lesions and for monitoring treatment response to
antiangiogenic drugs in liver metastases. However, perfusion CT [18-20, 25] and DCE-MRI
[16, 22, 26-28] data assessing HCC lesions and cirrhosis are limited. Some studies have
shown differences in perfusion parameters between HCC tumors and background liver using
perfusion CT [18-20] or a 2D gradient-recalled echo sequence for DCE-MRI [16].

With recent advances in MR hardware and software, it is now possible to cover the entire
liver with adequate spatial and temporal resolution using a volumetric 3D sequence [15].
This sequence allows assessment of multiple lesions and of regional differences in liver
parenchyma.

The purpose of our study was to report our early experience using 3D DCE-MRI with
whole-liver coverage for the quantification of perfusion parameters of untreated HCC and
treated HCC (TACE) compared with background cirrhotic liver.

Subjects and Methods

Patients

This prospective single-center study was HIPAA-compliant and was funded by a RSNA
scholarship grant. Written informed consent for our institutional review board—approved
study was obtained from all patients. Thirty-one patients with cirrhosis and HCC (male-
female ratio, 26:5; mean age, 61 years; age range, 41-83 years) and with an estimated
glomerular filtration rate of more than 60 mL/min/1.73 m2 were enrolled in the study. The
cause of cirrhosis was chronic hepatitis C (n = 20), chronic hepatitis B (n= 6), cryptogenic

( n=3), and unspecified ( n = 2). HCC was diagnosed on liver explant (n = 8), liver resection
specimen (n= 1), or liver biopsy ( n= 4) or using updated American Association for the
Study of Liver Diseases criteria (n= 18) [29].
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Dynamic Contrast-Enhanced MRI

MRI was performed using one of three 1.5-T systems with torso phased-array coils
(Magnetom Symphony, Sonata, or Avanto, Siemens Healthcare). DCE-MRI of the whole
liver was performed using a volumetric interpolated spoiled gradient-recalled echo sequence
(3D FLASH) in the coronal plane. Patients were asked to fast for 6 hours before the study.
During scanning, the patients” arms were elevated to minimize aliasing artifacts. Three
acquisitions were performed before contrast injection, and the first contrast-enhanced
acquisition of the dynamic series started at the end of the injection of 10 mL of
gadopentetate dimeglumine (Magnevist, Bayer HealthCare; n = 26) or gadobenate
dimeglumine (MultiHance, Bracco Diagnostics; n = 5) followed by a 20-mL saline flush
injected at 5 mL/s using an MR-compatible power injector (Spectris, Medrad). The
following parameters were used: TR range/TE range, 1.7-3.2/0.8-1.2; flip angle, 12°;
matrix, 156 x 192; 1 average; and FOV, 18 x 40 cm. A slab thickness of 18 cm, resulting in
an interpolated slice thickness of 4 mm, was used. A parallel imaging technique (R factor 2
on the Symphony and Sonata systems and 3 on the Avanto system) using the generalized
autocalibrating partial parallel acquisition (GRAPPA) was used. Forty coronal volumetric
acquisitions were acquired for approximately 3—4 minutes (Fig. 1). The average temporal
resolution was 3.8 seconds (range, 2.0-8.5 seconds, depending on the system). Patients were
instructed to suspend respiration at end expiration during all 3D acquisitions, with the first
breath-hold lasting approximately 25-30 seconds and subsequent shallow respiration. The
rationale for using a 3D acquisition was to ensure that the entire liver was imaged. The
rationale for imaging in the coronal plane was to minimize flow-related enhancement of the
aorta.

The following routine MR sequences were performed for all examinations: T1 in-phase and
out-of-phase, T2 fast spin-echo fat-suppressed, diffusion-weighted, and coronal T2 HASTE;
in addition, a 3D T1-weighted sequence (VIBE) was performed before and after the initial
injection of contrast material for DCE-MRI. An additional full dose of gadopentetate
dimeglumine (0.1 mmol/kg, n= 26) or half dose of gadobenate dimeglumine (0.05 mmol/kg,
n=5) was injected for the routine contrast-enhanced study after completing the DCE-MRI
acquisition.

Image Analysis

The images were transferred to a portable PC running Windows Vista (Microsoft). Software
(Firevoxel) developed at our institution was used for analysis. HCC lesions were identified
by two observers in consensus; observer 1 had 5 years of postgraduate experience and
observer 2 was a medical student at the time of the study. The diagnosis was based on
routine sequences including contrast-enhanced T1-weighted images and perfusion images.
Regions of interest (ROIs) were manually drawn on the main portal vein at the level of the
porta hepatis, proximal abdominal aorta at the level of the celiac axis, HCC, and background
nontumoral liver tissue (away from HCC lesions) by observer 2 (average size of liver ROIs,
1 cm) to measure Sl values. Given the small size of the hepatic artery, ROIs were instead
drawn in the proximal abdominal aorta at the level of the celiac axis, which was used as a
surrogate for the hepatic arterial blood supply. ROIs on the portal vein and HCC lesions
were drawn for each time frame to correct for spatial misregistration due to respiratory
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motion. For untreated lesions, ROIs were placed to fit lesion size; for treated lesions (i.e.,
after TACE), ROIs were placed on the enhancing component, which was identified on
contrast-enhanced images. For lesions 2 cm or larger, data for two ROIs from two adjacent
slices were averaged. The aorta and liver ROIs were drawn for a single time frame, were
transferred to the remaining time frames, and were then manually corrected if necessary.
Large vascular structures were avoided.

Perfusion Modeling

S| measurements were normalized by subtracting the Sl value of the initial unenhanced
image from the SI measurements of the subsequent enhanced images and then dividing the
difference by the initial SI value. SI curves were then obtained from all ROI data. A linear
relationship was assumed between Sl and gadolinium concentration for the range of
expected concentrations in the liver (0.0-0.5 mM/L) and blood (0-5 mM/L). Our conversion
(c) was therefore based on the following approximation [30]:

c=k (S—So)/SO,

where S is unenhanced Sl, Sis contrast-enhanced S, and k is the scaling constant (0.395 for
liver and 0.201 for blood). These constants are based on a prior phantom and human
calibration study [31]. The resulting time-concentration curves (Fig. 1) were fitted using a
simple perfusion model that accounts for the dual blood supply of the liver through the
hepatic artery and the portal vein [12, 13, 15]. Because the model considers the whole liver
(capillaries, extravascular space, and cells) as a single functional compartment,
determination of tissue blood fraction is not required. The model assumes a perfect
extraction fraction of the contrast agent (instantaneous diffusion). This assumption is
reasonable in the liver because endothelial fenestration is 50-200 nm, there is no basement
membrane, and gadopentetate dimeglumine and gadobenate dimeglumine have has a small
molecular diameter.

Based on computer simulations, the model yields precise parameters at clinical noise levels.
The following parameters were obtained: arterial hepatic blood flow, portal venous hepatic
blood flow, total hepatic blood flow, arterial fraction, distribution volume of gadolinium
contrast material, and mean transit time (MTT) of gadolinium contrast material. The
following parameters were calculated: distribution volume (as a percentage) of gadolinium
contrast material through the liver compartment, mean transit time (in seconds) of
gadolinium contrast material through the liver compartment, arterial hepatic blood flow (F_,
in mL/100 g/min), portal venous hepatic blood flow (in mL/100 g/min), total hepatic blood
flow (F¢, in mL/100 g/min), and arterial fraction (as a percentage). The arterial fraction, or
hepatic perfusion index, was calculated as follows:

100 x F,/F}.
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Statistical Analysis

Results

Patients

The estimated perfusion parameters arterial hepatic blood flow, portal venous hepatic blood
flow, total hepatic blood flow, arterial fraction, distribution volume, and MTT were
compared between HCC and surrounding cirrhotic liver using a paired Wilcoxon test
because the parameters did not follow a normal distribution. The estimated perfusion
parameters of untreated HCCs were compared with those of treated HCCs after TACE using
a Mann-Whitney test.

Five patients with five treated HCCs were excluded because complete tumor necrosis was
achieved after TACE and there was no contrast uptake, thus preventing any perfusion
quantification. The final analysis included 33 HCCs (mean, 3.9 cm; range, 1.1-12.6 cm) in
26 cirrhotic patients. Twelve patients had untreated HCCs, and 11 had HCCs that were
assessed after TACE, and three patients had HCCs that were assessed before and after
TACE. The treated HCCs had a mean percentage necrosis estimated on subtracted contrast-
enhanced images of 50% (range, 0-100%). In the 13 patients with histopathologic
confirmation, HCCs were moderately differentiated in five patients and well differentiated
in three patients; in the five remaining patients, this information could not be specified
because complete tumor necrosis was achieved.

Dynamic Contrast-Enhanced MRI Findings

Comparison of estimated perfusion parameters in HCCs and liver
parenchyma—When compared with liver parenchyma, HCC lesions showed significantly
higher arterial hepatic blood flow and arterial fraction, lower distribution volume and portal
venous hepatic blood flow, and no difference in MTT (Table 1 and Fig. 2). Compared with
liver parenchyma, untreated HCCs had significantly higher arterial hepatic blood flow and
arterial fraction, lower portal venous hepatic blood flow, and no difference in distribution
volume and MTT (Figs. 1 and 2). Treated HCCs also had significantly higher arterial
hepatic blood flow and arterial fraction, lower distribution volume, and no difference in
portal venous hepatic blood flow and MTT compared with liver parenchyma (Figs. 2 and 3).
There were no differences in perfusion parameters between moderately differentiated HCCs
and well-differentiated HCCs; none of the assessed HCCs had poor differentiation.

Comparison of estimated perfusion parameters in untreated HCCs and treated
HCCs—Untreated HCCs had a higher arterial fraction and lower portal venous hepatic
blood flow than treated HCCs; no differences in the other parameters were detected (Table 1
and Figs. 2 and 3). Our series included three patients who underwent DCE-MRI before and
after TACE using the same gadolinium contrast agent (Magnevist) (Table 2). When
comparing perfusion parameters before and after TACE, there was a decrease in arterial
fraction, arterial hepatic blood flow, and distribution volume and an increase in portal
venous hepatic blood flow.
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Discussion

Angiogenesis is critical for the growth and metastatic progression of HCC [1-3].
Investigators have suggested that HCC progresses from a small well-differentiated tumor
with no developed arterial neovessels to a larger and moderately or poorly differentiated
tumor with characteristic arterial hypervascularity [32]. The abundant, near exclusive
arterial perfusion prompts the use of TACE and molecular targeted therapies [7, 8, 33]. Our
results confirm that arterial flow is increased and portal venous flow is decreased in
untreated HCCs compared with cirrhotic liver. Compared with untreated tumors, treated
HCCs had lower arterial flow. Lost arterial supply is compensated for by an increase in
portal flow, as shown in patients who had serial DCE-MRI scans before and after TACE.
There was, however, a wide range of arterial and venous flow in untreated HCCs and treated
HCCs, as shown in Figure 2. For HCCs naive to therapy, this difference is likely because of
variable amounts of angiogenesis. For treated HCCs, the wide range could result from the
well known variability of tumor response to TACE. We thus believe that quantitative DCE-
MRI provides a useful characterization of angiogenic activity and of HCC response to
TACE. However, this should be verified in a prospective independent study.

Various perfusion models have been used to assess HCC and liver perfusion [18-20, 26-28].
Sahani et al. [18] used a distributed model to quantify perfusion on dynamic CT in 30
patients with advanced HCC. They found higher blood flow, blood volume, and
permeability—surface area product in tumors compared with liver parenchyma, whereas
MTT was lower in tumors. Using a model that separates arterial flow from portal venous
flow, Ippolito et al. [20] found hepatic perfusion, blood volume, arterial perfusion, and
hepatic perfusion index (equivalent to arterial fraction) to be significantly higher in HCC (n
= 35) than in liver parenchyma. Dynamic CT has an advantage over DCE-MRI in that there
is a direct linear relation between signal enhancement and iodine concentration. On the other
hand, perfusion CT is limited by radiation exposure, which is especially problematic when
follow-up studies are needed. Another advantage of DCE-MRI is its multiparametric
imaging capability that allows DCE-MRI to be associated with diffusion-weighted MRI.
Both dynamic contrast-enhanced CT [34, 35] and DCE-MRI can also be used for the
detection of liver fibrosis and cirrhosis [12, 13, 15, 17, 36].

Few prior DCE-MRI studies have shown potential for quantifying perfusion and monitoring
treatment response to systemic therapy in liver metastases [16, 23, 24] and HCC [16, 22, 26,
27] and to intraprocedural TACE [28]. Abdullah et al. [16] assessed perfusion parameters in
26 HCCs and 24 colorectal metastases using a deconvolution model. They found arterial
hepatic blood flow, portal venous hepatic blood flow, total hepatic blood flow, and
distribution volume to be significantly higher and MTT to be significantly lower in HCCs
compared with metastases. Interestingly, they found no difference in arterial hepatic blood
flow, and they also found that portal venous hepatic blood flow was slightly higher than
arterial hepatic blood flow in HCCs in contradiction with our results. Recent studies have
also shown that perfusion CT [25] and DCE-MRI [26, 27] have a potential role in
monitoring HCC response to systemic therapy.
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Our study has several limitations. First, our sample size is relatively small. Second,
histopathologic confirmation of HCC was not available in all cases. Third, we used a
different contrast agent with higher relaxivity (gadobenate dimeglumine) in a small subset of
patients (n = 5). We do not believe that use of this agent affected perfusion quantification
because we assumed linearity in all cases. Finally, our study used a simple one-compartment
model based on simplifying assumptions, including an instantaneous mixing of the tracer
between the vascular and the extravascular-extracellular space. Recently several more
realistic physiologic models for liver perfusion were reported in the literature such as the
two-compartmental model [37] and the distribution parameter model [38]. However,
because of numerous DCE-MRI-related limitations, parameters derived from these models
may lack sufficient precision for clinical application, and whether these models can be easily
applied to liver tumors is not known.

In conclusion, these initial results confirm the presence of increased arterial flow and
decreased portal venous flow in HCC compared with cirrhatic liver using DCE-MRI. In
addition, there were significant differences in the degree of arterial versus portal venous
blood flow in treated and untreated HCCs. These results suggest that DCE-MRI can be used
as a noninvasive marker of HCC angiogenesis and may potentially be useful for
characterizing cirrhotic nodules and for predicting and monitoring response to TACE and
targeted antiangiogenic drugs currently in use in HCC.
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Fig. 1.
64-year-old man with liver cirrhosis secondary to chronic hepatitis C and two untreated

hepatocellular carcinomas (HCCs).

A, Coronal dynamic contrast-enhanced MR images obtained with 3D FLASH sequence
(TRITE, 2.9/1.2; flip angle, 12°; voxel size, 2.6 x 2.1 x 4 mm; 1 average; parallel imaging
factor, 3; temporal resolution, 6 seconds) covering entire liver before and after injection of
10 mL of gadopentetate dimeglumine. Two enhancing HCCs—one large lesion (arrows)
and one small lesion (arrowheads)—are noted. Five selected time points from 40 measures
are shown in chronologic order.

B, Corresponding time-activity curve shows early enhancement of largest HCC. Arterial
fraction (HCC vs liver parenchyma, 81.1% vs 40.8%, respectively) and arterial hepatic
blood flow (188.7 vs 64.8 mL/100 g/min) were both increased in HCC, whereas portal
venous hepatic blood flow (44.1 vs 94.2 mL/100 g/min) and mean transit time (13.3 vs 19.8
seconds) were decreased in HCC compared with liver parenchyma. PV = portal vein.
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Fig. 2.

Bc?x plot distributions of estimated perfusion parameters of 33 hepatocellular carcinoma
(HCC) lesions, including untreated HCCs, treated HCCs, and liver parenchyma, in 26
patients measured with dynamic contrast-enhanced MRI. Top and bottom lines of boxes
show 25-75th percentiles of data values. Lines in boxes show median values, and target
signs in boxes show mean values; asterisks show outliers.

A, Arterial hepatic blood flow (Fp).

B, Portal venous hepatic blood flow (Fp).

C, Total hepatic blood flow (Fa + Fp).

D, Arterial fraction.

E, Distribution volume of gadolinium contrast material.

F, Mean transit time (MTT) of gadolinium contrast material.
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Page 12

Bar graph shows distribution of arterial fraction and portal venous fraction (portal venous
fraction = 100% — arterial fraction) of untreated hepatocellular carcinomas (HCCs), treated
HCCs, and liver parenchyma measured using dynamic contrast-enhanced MRI. Arterial
fraction is decreased in treated HCCs compared with untreated HCCs.
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