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Abstract. Aim: To evaluate the feasibility of carbogen-
challenge blood oxygen level-dependent (BOLD) magnetic
resonance imaging (MRI) for assessing the early response of
liver tumors to chemoembolization in a rat hepatoma model.
Materials and Methods: In a 9.4-Tesla scanner, a multiple
gradient-recalled echo sequence was utilized for R2*
measurement at 11 and 13 days after tumor implantation, first
during room air breathing and then with carbogen gas (95%
02/5% CO,) breathing, to calculate the percentage changes
of R2* values [AR2%*(%)]. Transarterial chemoembolization
was conducted 12 days after tumor implantation. Results: The
AR2* value of the tumors was 10.61+8.94% on pre-
chemoembolization images and —0.16+1.85% on post-
chemoembolization images. There was a significant difference
in the AR2* value of the tumors between pre-
chemoembolization and post-chemoembolization BOLD MRI
(p=0.013). Conclusion: Carbogen-challenge BOLD MRI can
be a non-invasive and useful method for the evaluation of
early response of liver tumors to chemoembolization.

Transarterial chemoembolization is one of the mainstay
treatments for hepatocellular carcinomas (HCC) that are
ineligible for both surgery and percutaneous ablation (1, 2). In
particular, chemoembolization is one of the only non-curative
treatments that improve patient survival, along with sorafenib
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(2). In addition, chemoembolization has recently been
improved by the use of drug-eluting beads as embolic and
drug delivery agents instead of conventional iodized oil.
Furthermore, various combination strategies in addition to
chemoembolization have been widely studied. In particular,
combinations with radiofrequency ablation or sorafenib are
showing promising results in the latest literature (3-5).
Paradoxically, despite these various remedies for HCC,
finding the best option among them for each patient and each
tumor type is becoming a new concern for clinicians. In other
words, the accurate assessment of tumor stage, adequate
decision of treatment method, early evaluation of treatment
response, and timely modification of treatment strategy are
warranted in the era of tailored treatment of HCC. Therefore,
many radiologists have actively investigated tools for the
precise and early assessment of treatment response.

Blood oxygen level-dependent (BOLD) magnetic
resonance imaging (MRI) has been utilized as a sensitive and
non-invasive tool to monitor the oxygenation state and blood
perfusion of tissue, especially in functional MRI of the brain
(6-8). Recently, BOLD MRI has also shown promise for the
non-invasive demonstration of tumor oxygenation state (9-
11). This state-of- the art technique has been in the limelight
as a potentially useful method to assess tissue oxygenation
state, address tissue perfusion, and predict treatment response
of a tumor (12, 13). Rodrigues et al. reported that carbogen-
challenge BOLD MRI can be a prognostic indicator of acute
radiotherapeutic response in rodent tumors (14), which
indicates the usefulness of BOLD MRI in tumor oxygenation
state assessment. In terms of the liver, Guo et al.
demonstrated that the carbogen-challenge BOLD MRI signal
was well-correlated to tumor microvessel density in a rat
hepatoma model (15), which suggests the potential of BOLD
MRI to provide a surrogate marker of tumor microperfusion.

Accordingly, we believe that the BOLD MRI technique can
be a robust tool for assessing liver tumor treatment response
after chemoembolization because chemoembolization
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substantially compromises tumor perfusion and induces
subsequent hypoxia in treated tumors. Carbogen-challenge
BOLD MRI can demonstrate differences between treated
lesions, where oxyhemoglobin cannot arrive at the target due
to arterial embolization, and naive lesions, where
oxyhemoglobin can reach the target and act as an endogenous
contrast agent. However, to our knowledge, no study has
evaluated carbogen-challenge BOLD MRI in assessing early
response of liver tumors to chemoembolization.

The purpose of our study was to evaluate the feasibility of
carbogen-challenge BOLD MRI for assessing the early response
of liver tumors to chemoembolization in a rat hepatoma model.

Materials and Methods

Tumor cell line. The McA-RH7777 rat hepatoma cell line (CRL-
1601; ATCC; Manassas, VA, USA) was obtained and cultured in
Dulbecco’s modified Eagle’s medium (DMEM, WelGENE, Daegu,
Korea), supplemented with 10% fetal bovine serum (WelGENE) and
1% penicillin-streptomycin mixture (Gibco, Grand Island, NY,
USA). McA-RH7777 cells were cultured loosely adherent in culture
flasks at 37°C in a humidified atmosphere containing 5% CO,.
Trypan blue staining was conducted before each tumor implantation
procedure to verify >90% cell viability.

Animal model. This study was approved by our Institutional Animal
Care and Use Committee (#0720120670) and performed in
accordance with institutional guidelines. Thirteen Sprague-Dawley
(SD) rats (weight range, 300-350 g; Koatech, Pyeongtaek, Gyunggi-
do, Korea) were used for our study. The subjects were anesthetized
by injecting a solution of zolazepam (5 mg/kg, Zoletil®; Virbac,
Carros, France) and xylazine (10 mg/kg, Rompun®; Bayer-Schering
Pharma, Berlin, Germany) into the hindlimb. After anesthesia, a
right-sided transverse mini-laparotomy was performed, and 1x107
McA-RH7777 rat hepatoma cells prepared in 50 pl of serum-free
DMEM were gently injected under the hepatic capsule into the right
medial lobe (16). Handheld cautery (Bovie Medical Corporation,
Clearwater, FL, USA) was applied to prevent bleeding and cell
reflux. The abdominal incisions were then closed with a two-layer
technique.

Transarterial chemoembolization. Rats with hepatoma =9 mm on
pre-chemoembolization MRI (11 days after tumor implantation)
underwent transarterial chemoembolization by an experienced
interventional radiologist (H. Kim.) at 12 days after tumor
implantation. After anesthesia was achieved by the same method
used for tumor implantation, a 2-cm longitudinal left paramedial
incision was made in the neck. The left common carotid artery
was exposed and cannulated by a 22-gauge intravenous catheter.
After that, a custom-modified 1.5 Fr microcatheter (Marathon;
EV3, Irvine, CA, USA) and a 0.010-inch guidewire (Silverspeed-
10; EV3, Irvine, CA, USA) was inserted through the cannula, and
the proper hepatic artery was selected under the guidance of
fluoroscopy (16). A mixture of iodinated contrast agent and drug-
eluting beads (100-300 pm, DC bead®; Biocompatibles, Surrey,
UK) loaded with doxorubicin was infused until stasis was
achieved on fluoroscopy. The microcatheter was then removed,
and the carotid artery was ligated. The neck incision was sutured
with a one-layer technique.
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MRI acquisition. All MRI acquisitions were performed by two of the
authors (H. Kim. and Y. L.) using a 9.4-Tesla MR scanner (Agilent
9.4T/160AS horizontal imaging system; Agilent Technologies, Santa
Clara, CA, USA) with a volume coil for both radiofrequency
transmission and signal reception (Agilent Technologies) at 11 days
(pre-chemoembolization = imaging) and 13 days (post-
chemoembolization imaging) after tumor implantation. Before MRI,
the rats were placed in a small chamber and anesthetized with 1.5%
isoflurane in pure O, gas. Anesthesia was maintained with either
1.5% isoflurane in room air (78% N,/20% O,) or 1.5% isoflurane in
carbogen gas (95% O,/5% CO,) during MRI scanning. Real-time
monitoring of the animals' respiration and rectal temperatures was
conducted during image acquisition. Initially, scout images were
acquired in all three directions using a gradient echo sequence with
the following imaging parameters: repetition time (TR)/echo time
(TE)=79/2.7 ms; flip angle (FA)=30°; 1 average; slice thickness
(TH)=2 mm; no interslice gap; field-of-view (FOV)=65x65 mm?;
matrix size=128x128; receiver bandwidth=50 kHz. After automated,
local shimming over the liver, fat-saturated axial T2-weighted spin-
echo images (TR/TE=1000/30 ms; FA=90°; 1 average; TH=2-mm; no
interslice gap; typical FOV=62x35 mm?2; matrix size=128x128;
receiver bandwidth=50 kHz) under free breathing of 1.5% isoflurane
and room air (78% N2/20% O,) were obtained for tumor localization.
If a hepatoma =9 mm in diameter was confirmed on the T2-weighted
MRI, four slices covering the tumor were defined for gas-challenge
BOLD MRI with a respiratory-gated multiple gradient-recalled echo
sequence with fat saturation (TR=5000 ms; TE=1.6, 5, 10, 15, 20, 25,
30, 35, 40 ms; FA=90°; 2 averages; TH=2-mm; typical interslice
gap=0.5-mm; typical FOV=58x35 mm?2; matrix size=128x128;
receiver bandwidth=100 kHz). BOLD MRI was first obtained during
1.5% isoflurane and room air (78% N2/20% O,) breathing; next,
1.5% isoflurane and carbogen gas (95% O,/5% CO,) was
administered for a 10-minute interscan interval; finally, a second
batch of BOLD MRI was acquired during 1.5% isoflurane and
carbogen gas breathing. All breathing gases were administered via a
rat nose cone at a rate of 1 liter per minute.

Image analysis. Image post-processing and analysis were performed by
two authors (J.W.C. and J .K.) using Matlab software (Math Works, Inc.,
Natrick, MA, USA). Among the four image slices per each imaging
session (pre-chemoembolization, post-chemoembolization), the best
image slice minimally affected by motion artifacts and susceptibility
artifacts from the adjacent organs (bowel, lung) and extracorporeal air
was selected for postprocessing in consensus of the two authors. Voxel-
wise R2* (1/T2*) maps during each gas inhalation (i.e. room air,
carbogen) and each imaging session (i.e. pre-chemoembolization, post-
chemoembolization) were calculated assuming monoexponential decay
[i.e. S(TEi) = S(0).exp(-R2*xTEi)]. On the R2* maps, a region-of-
interest (ROI) for a hepatoma and an ROI for the liver parenchyma
excluding the blood vessels were manually drawn to measure the mean
R2* values. For each ROI (i.e. hepatoma, liver parenchyma), percentage
changes in R2* [AR2%(%)] were calculated as follows:

R2%*,;—R2*

air™ carb

AR2* (%)= x100

R2*air

where R2%*,; and R2*_, , are the R2* under room air challenge
BOLD and under carbogen-challenge BOLD, respectively.
Therefore, a total of four AR2* (%) values were calculated per
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animal: liver of pre-chemoembolization, hepatoma of pre-
chemoembolization, liver of post-chemoembolization, and hepatoma
of post-chemoembolization.

Histological analysis. All rats were euthanized in a CO, chamber just
after the post-chemoembolization BOLD imaging. Axial sections
sampled across the center of the tumors were fixed in 10% buffered
formaldehyde solution and paraffin embedded. After that, hematoxylin
and eosin (H&E) staining was performed on each sample.

Statistical analysis. All statistical analyses were performed by one
author (J.W.C.) using commercial software (IBM SPSS Statistics,
version 19.0; SPSS Inc., IBM Company, Armonk, NY, USA). The
differences in AR2* (%) values before and after chemoembolization
were analyzed with a Wilcoxon signed rank test. A p-value of less
than 0.05 was determined to indicate statistical significance.

Results

Eleven of the 13 rats implanted with McA-RH7777 cells had
a hepatoma on pre-chemoembolization MRI (tumor
induction rate, 84.6%). Therefore, chemoembolization via
the left common carotid artery was performed in 11 rats, and
the subjects also underwent pre- and  post-
chemoembolization BOLD MRI. There was no technical
failure or mortality of chemoembolization. Before image
post-processing, one subject was excluded from the analysis
because substantial image deterioration by susceptibility
artifacts was detected on pre-chemoembolization imaging.
The 10 tumors finally analyzed in our study ranged from 9 to
12 mm [meanztstandard deviation (SD), 10.8+1.2 mm] on
pre-chemoembolization MRI. Tumors were identified as
well-defined hyperintense lesions on T2-weighted images of
both pre-chemoembolization and post-chemoembolization
MRI. Gross specimens of the tumors revealed concordant
solid masses, and subsequent H&E staining confirmed near
total necrosis in all tumors.

According to room air and carbogen-challenge BOLD
MRI, the mean AR2* value of the livers was 19.44%
(SD=6.74%; range=12.40-31.31%) on pre-chemoembolization
MRI and 15.60% (SD=6.96%; range=8.82-31.01%) on post-
chemoembolization MRI. All AR2* values of the livers were
positive on both pre-chemoembolization and post-
chemoembolization BOLD MRI. Conversely, the mean AR2*
value of the tumors was 10.61% (SD=8.94%; range=-8.61-
21.64%) on pre-chemoembolization MRI and -0.16%
(SD=1.85%; range=—3.91-2.13%) on post-chemoembolization
MRI. One tumor showed a negative AR2* value (-8.61) on
pre-chemoembolization BOLD MRI, and four tumors
presented negative AR2* values on post-chemoembolization
imaging. Detailed data for each rat are shown in Table I. From
the results of the Wilcoxon signed rank test, there was a
significant difference in the AR2* value of the tumor between
pre-chemoembolization and post-chemoembolization BOLD
MRI (p=0.013). However, the difference in the AR2* value

Table 1. The AR2* values for 10 rats that underwent pre-
chemoembolization and post-chemoembolization blood oxygen level-
dependent (BOLD) MRI.

Subject no. AR2* value (%)
Liver Tumor
Pre-CE Post-CE Pre-CE Post-CE

1 29.74 15.82 8.38 -391
2 22.76 12.89 17.64 0.21
3 16.33 13.97 9.87 0.21
4 31.31 10.92 16.60 -0.5
5 16.62 13.21 19.09 1.82
6 12.40 10.21 3.89 2.13
7 14.58 8.82 -8.61 -1.44
8 14.83 31.01 21.64 -1.77
9 13.79 14.32 6.14 0.07

10 22.01 24.80 11.43 1.57

CE, Chemoembolization; Note — The AR2* value is the percentage change
of R2* values between room air and carbogen challenge BOLD MRI.

of the liver was not significant (p=0.169). Representative
BOLD MRI and corresponding AR2* maps are shown in
Figure 1.

Discussion

In our study, chemoembolization induced a significant decrease
in the AR2* value of the tumors on the day following the
procedure (p=0.013). This finding is compatible with our
hypothesis that arterial embolization blocks the arrival of
oxyhemoglobin, which acts as an endogenous contrast agent in
the tumor. Concordantly, all tumors in our study showed near
total necrosis on H&E staining. In contrast, the AR2* values
for the Ilivers did not significantly decrease after
chemoembolization (p=0.169), but there was a tendency for
decline (19.44% to 15.60%). This finding may be the result of
hepatic arterial occlusion by scattered DC beads because the
selective chemoembolization of tumor-feeding arteries is
technically impossible in the rat hepatoma model.
Meanwhile, if tumor-feeding arteries were embolized
enough to induce total necrosis of the tumors, the AR2* value
would have to be zero (i.e. no delivery of oxyhemoglobin) or
a small positive number (i.e. minimal delivery of
oxyhemoglobin). Therefore, we interpreted the small negative
AR2* values for the tumors (-3.91, —0.50, —1.44, —1.77) on
post-chemoembolization BOLD MRI as the result of image
noise and minor artifacts. However, one tumor showed a
substantial negative AR2* value (-8.61) on pre-
chemoembolization imaging. This result may be due to the
steal phenomenon of oxyhemoglobin from the tumor to the
liver (17), which can be explained by the relatively effective
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Figure 1. Example showing usefulness of blood oxygen level-dependent
(BOLD) magnetic resonance imaging to assess early response of a liver
tumor to chemoembolization. An axial T2*-weighted image before
chemoembolization (A) and a corresponding AR2* map (B) demonstrate
a substantial decrease in R2* values of a tumor (arrowheads) after
administration of carbogen gas (95% 0,/5% CO,). Note the lesser
decrease in R2* values of the tumor (arrowheads) compared to the liver,
suggesting relative hypovascularity of our tumor model. Abdominal
aortography (C) shows the celiac trunk (arrowhead) and proper hepatic
artery (arrow) in the rat. A spot image (D) just after injection of drug-
eluting beads and contrast agent depicts stagnation of the contrast agent
in the tumor (arrowheads). An axial T2*-weighted image after
chemoembolization (E) and a corresponding AR2* map (F) demonstrate
relatively smaller changes in R2* values of the tumor after
administration of carbogen gas, compared to that of pre-
chemoembolization BOLD magnetic resonance imaging. Note that
changes in R2* values are less prominent but more heterogeneous in the
tumor as well as the liver, suggesting non-selective embolization was
performed. Hematoxylin and eosin staining (magnification, x10) of the
embolized tumor (G) shows substantial necrosis of the tumor (a), with
some residual tumor cells in the periphery (b), and the normal liver
parenchyma (c) nearby the tumor.
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vasodilatation in normal liver vasculature during carbogen gas
administration, compared with that of tumor neovasculature.
In addition, although we conducted experiments with the
same imaging protocol for all rats, the AR2* values of the
tumors on pre-chemoembolization BOLD MRI were variable
(range=-8.61-21.64%). We believe that these variations may
reflect different tumor microenvironments such as tumor
vascularity, blood supply ratio of the hepatic artery to the
portal vein, and aerobic metabolic activity (15, 18, 19).

The modified Response Evaluation Criteria in Solid
Tumors (MRECIST) and the European Association for the
Study of the Liver (EASL) with contrast-enhanced computed
tomography (CT) or MRI have played a pivotal role in the
evaluation of HCC treatment response (20-22). However,
changes in tumor size assessed by the above-mentioned
criteria are not as effective as we can predict efficacy of the
treatment at the early stage of the therapy when the tumor
size is not changed (23). Furthermore, these approaches
rarely provide information about tumor microenvironments,
such as cellularity and hypoxic states. Although diffusion-
weighted imaging (DWI) is referred to as a promising
alternative to conventional response evaluation systems,
some studies have demonstrated that DWI is less sensitive
than contrast-enhanced MRI in assessing chemoembolization
response (24, 25). However, contrast-enhanced MRI also has
limitations. As it requires the administration of contrast
agents, imaging must be carefully applied in patients with
impaired renal function and does not allow for serial
repetitive measurements in a short period of time.

In contrast, BOLD MRI is a simple and non-invasive tool,
which does not require conventional contrast agent
administration in order to assess chemoembolization response of
HCC. In addition, because occlusion of the tumor-feeding
arteries and subsequent hypoxic changes may occur immediately
after the procedure, BOLD MRI can allow for adequate
evaluation of early response of chemoembolization. Furthermore,
carbogen gas is generally believed to be safe for humans and is
even used during radiation therapy to increase the radiosensitivity
of anoxic regions (26). Therefore, we believe carbogen-challenge
BOLD MRI to be a very promising and safe tool for the
evaluation of early response after chemoembolization.

However, the interpretation of BOLD MRI may be difficult
in some situations. For example, a decrease in the AR2* value
between room air and carbogen-challenge BOLD MRI may
result from decreased tissue perfusion, improved tissue
oxygenation in a baseline state, extremely increased oxygen
consumption in a tissue, or mixtures of these above-mentioned
states. Therefore, combining the technique with other MRI
sequences can be useful for interpreting BOLD MR signals.
In particular, arterial spin labeling (ASL) and intravoxel
incoherent motion (IVIM) techniques, which can also assess
tissue perfusion without the use of a contrast agent, may
complement the use of BOLD MRI.

On the other hand, optimal BOLD pulse sequences in
human MR scanners should be investigated in consideration
of the image quality and acquisition time. Although current
1.5-Tesla or 3.0-Tesla clinical MR scanners can be less
sensitive to changes in T2* than high-field animal MR
scanners, human MR study has its advantages because breath-
hold examinations can be performed, which greatly reduce
the potential for motion artifacts and signal loss in abdominal
images. The liver is an especially suitable candidate for
BOLD imaging due to the following reasons: the liver is a
very hypervascular organ, containing a substantial amount of
oxyhemoglobin and deoxyhemoglobin, which serve as
endogenous contrast agents, and in the normal liver, portal
venous blood, which is more deoxygenated than arterial
blood, is a major source of hepatic perfusion, providing a
substantial response range to changes in tissue oxygenation
(27). Indeed, promising results have been reported in human
liver studies, as well as in animal research (28, 29). We hope
that further human studies will optimize BOLD MRI
protocols and evaluate the usefulness of BOLD imaging for
early response evaluation after chemoembolization.

Our study has certain limitations. Firstly, we studied a
small number of rats. However, our results demonstrated a
statistically significant difference, which can also be
explained by the theory behind chemoembolization.
Therefore, we believe our sample size was sufficient to draw
conclusions with minimal animal sacrifice. Secondly, we did
not perform a perfusion study. BOLD MRI in conjunction
with perfusion imaging, such as contrast enhanced MR, ASL,
or IVIM techniques, may have provided a better
understanding of tumor oxygenation status, as well as tumor
perfusion, and thus a more in-depth assessment of tumor
biology.

In conclusion, carbogen-challenge BOLD MRI can be a
non-invasive and useful method for the evaluation of early
response of liver tumors to chemoembolization.
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