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Purpose: To prospectively investigate the apparent diffusion coeffi-
cient (ADC) and choline levels measured at hydrogen 1
(1H) magnetic resonance (MR) spectroscopy, to monitor
therapeutic responses of hepatocellular carcinoma (HCC)
to transcatheter arterial chemoembolization (TACE).

Materials and
Methods:

Institutional review board approval was obtained, and all
patients and control subjects provided informed consent.
Histologically proved large HCCs (�3 cm in diameter)
were evaluated in 20 patients (16 men and four women;
mean age, 59 years; range, 34–80 years) before TACE and
2–3 days after TACE. A control group of eight adults (five
men and three women; mean age, 43 years; range, 24–76
years) with normal livers was examined by using the same
protocol. Hepatic choline levels were measured by means
of an external phantom replacement method, quantifying
the peak at 3.2 ppm at 1H MR spectroscopy. ADCs were
measured for all lesions. A Wilcoxon rank sum test was
used to compare absolute choline concentrations and
ADCs at baseline between HCCs and normal liver paren-
chyma. Changes in choline levels and ADCs in the tumors
before and after TACE were analyzed by using the Wil-
coxon signed rank test.

Results: The median preoperative choline level in patients with
HCC (measured in 18 of the 20 patients) was 4.0 mmol/L
(range, 0.0–17.2 mmol/L), which was significantly higher
than that in patients with normal livers (n � 8) (median,
1.6 mmol/L; range, 0.0–2.1 mmol/L; P � .01). Among 18
patients with HCC, choline levels decreased significantly
from before TACE to after TACE (P � .01). A significant
increase in ADC from before TACE to after TACE in the 20
patients with HCC was also found (P � .01).

Conclusion: Hepatic choline levels and ADCs may allow monitoring of
therapeutic responses of HCC to TACE although larger,
more definitive and quantitative studies with clinical end
points are needed.
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Transcatheter arterial chemoembo-
lization (TACE) is a well-accepted
means of treatment in patients

with unresectable hepatocellular carci-
noma (HCC), because TACE provides
substantial survival benefits (1–5). Al-
though evaluating the effectiveness of
TACE is critical in determining the suc-
cess of treatment and would help to
guide subsequent therapeutic planning,
there is no absolutely reliable imaging
method for monitoring the early re-
sponse to this treatment method. Good
iodized oil retention at computed to-
mography (CT) is associated with sub-
stantial prolongation of median survival
of the patient but does not indicate com-
plete tumor necrosis, nor is it corre-
lated with the size or extent of the ne-
crotic area. On dynamic CT studies, hy-
perattenuating iodized oil impairs
assessment of residual tumor enhance-
ment. Iodized oil causes variable signal
intensity changes on unenhanced mag-
netic resonance (MR) images, and it is
difficult to detect accurately (6,7). En-
hancing areas in the embolization site
on gadolinium-enhanced MR images
presumably represent viable tumor but
could also result from posttreatment
granulation tissue (8). Lang et al (9)
reported that even gadolinium-en-
hanced MR imaging cannot unfailingly
enable distinction between viable and
dead tumor cells. Unenhanced ultra-
sonography (US) cannot aid differentia-
tion of viable tumor from dead tumor.
Contrast material–enhanced harmonic
US has been used successfully to detect
intratumoral vascularity in HCC after
TACE, but it is not helpful in lesions that
do not show hypervascularity on US
studies obtained before TACE (10).

In vivo hydrogen 1 (1H) MR spec-
troscopy has proved valuable in the di-
agnosis of tumors in the brain (11–15),
prostate (16,17), breast (18,19), and
uterine cervix (20). 1H MR spectros-
copy is also useful in the evaluation of
treatment responses in malignant tu-
mors of the head and neck (21), as well
as in breast cancers (22). In the liver,
1H MR spectroscopy has been used
to evaluate diffuse hepatic disease (23–
27). Phosphorous 31 MR spectroscopy
has been used in the assessment of the

effectiveness of chemoembolization
treatment (28), but no reliable patho-
gnomonic metabolic correlate of thera-
peutic efficacy has been found following
chemoembolization. To our knowledge,
our research group published the first
article quantifying metabolic changes at
1H MR spectroscopy (by using a 3.0-T
MR imager) and correlating them with
therapeutic responses of HCCs after
TACE by a choline-lipid ratio (29).
However, we determined that the lipid
value after TACE was proportionally in-
creased because the iodized oil (Lipi-
odol Ultra Fluide; Laboratoires Guer-
bet, Aulnay-Sous-Bois, France) used for
TACE has a substantial lipoid compo-
nent. Therefore, we designed a new
strategy—measuring absolute choline
concentrations by using 1H MR spec-
troscopy (30).

Apparent diffusion coefficient (ADC)
measurement is currently the best im-
aging method for in vivo quantification
of diffusion. A primary application of
this approach has been the evaluation of
brain lesions, including those from
acute ischemic stroke, intracranial tu-
mors, trauma, and demyelinating dis-
ease (15,31–33).

In the liver, ADC values have been
used to differentiate hepatic abscess
from cystic or necrotic tumors (34) and
to differentiate benign from malignant
hepatic masses (35,36). To our knowl-
edge, however, there have been no
studies on the use of diffusion-weighted
MR imaging to (a) evaluate the thera-
peutic effects of TACE on large HCCs
after treatment, (b) reveal pathophysio-
logic changes, and (c) differentiate via-
ble from dead tumor cells. Thus, the
purpose of our study was to prospec-
tively investigate ADC, as well as cho-
line levels measured at 1H MR spectros-
copy, to monitor therapeutic responses
of HCC to TACE in patients.

Materials and Methods

Patients
The protocol in our study was approved
by our institutional review board, and
informed consent was obtained from all
patients and control subjects. From

March 2002 to March 2004, 20 consec-
utive patients (16 men and four women;
mean age, 59 years; age range, 34–80
years) with large HCCs (mean diame-
ter, 9.5 cm; diameter range, 5.0–17.2
cm) histologically confirmed at percuta-
neous biopsy or aspiration cytologic
evaluation were prospectively evaluated
at diffusion-weighted MR imaging and
1H MR spectroscopy before TACE and
2–3 days after TACE. The time elapsed
between the MR examination and the
TACE procedure was 1 or 2 days. All
patients had undergone US and biphasic
contrast-enhanced CT. Nonenhanced
CT, to depict the distribution of iodized
oil (Lipiodol Ultra Fluide; Laboratoires
Guerbet), was also performed 2–3 days
after TACE. To establish a control
group, we used the same protocols to
evaluate eight patients (five men and
three women; mean age, 43 years; age
range, 24–76 years) who underwent an
abdominal MR examination to evaluate
nonhepatic problems; these control
subjects had normal findings at liver im-
aging and liver function tests and
showed no clinical evidence of liver dis-
ease.

MR Imaging
All patients were examined by using a
3.0-T MR imager (Signa VH3, GE Medi-
cal Systems, Milwaukee, Wis) with a 40
mT/m maximum gradient capability and
built-in body coil. All patients under-
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went transverse fast spin-echo fat-satu-
rated T2-weighted MR imaging. MR im-
aging was performed in all patients with
HCC both before TACE and 2–3 days
after TACE.

MR Spectroscopic Evaluation
Conventional MR imaging for routine
diagnostic purposes was followed with
1H MR spectroscopy. Patients were ex-
amined in the supine position. Shallow,
regular breathing was allowed during
MR spectroscopic data acquisition, and
the breathing skills were taught before-
hand. Localizing the image for spectro-
scopic data acquisition was first per-
formed by using a spin-echo sequence
(repetition time msec/echo time msec,
350/30; image matrix, 256 � 256; one
signal acquired) to indicate the selection
of the voxel of interest (2 � 2 � 3 cm).
For localization, spectra were obtained
by using a point-resolved spin-echo se-
quence. Water suppression was accom-
plished by using three preceding chemi-
cal shift–selective saturation pulses; the
bandwidth of each of these pulses was
60 Hz. The field homogeneity was opti-
mized automatically over the selected
voxel of interest by observing the water
signal intensity. The following acquisi-
tion parameters were used: repetition
time sec/echo time msec, 1.5/30; 128
acquisitions; four dummy measure-
ments; spectral width, 2500 Hz; and
2048 data points. For phase correction
of metabolite spectra, 16 additional ac-
quisitions were collected without water
suppression in the sequence. The loca-
tion of the voxel of interest was deter-
mined by a radiologist (C.Y.C.) with
more than 7 years of experience in gas-
trointestinal and hepatobiliary MR im-
aging. On the basis of previous images,
the largest solid portion of the HCC was
selected. For each patient, we com-
pared images for the same location be-
fore and after TACE. In the control
group, MR spectroscopy was performed
in the middle portion of the right he-
patic lobe, thus avoiding the great ves-
sels.

After acquisition, data were pro-
cessed by using the MR spectroscopic
analysis package provided by the manu-
facturer (SAGE 7.1; GE Medical Sys-

tems). The raw data were zero-filled
once, apodized with a 5-Hz Gaussian fil-
ter, Fourier transformed, and phase and
baseline corrected. Marquardt curve fit-
ting was performed by using a Gaussian
line shape to calculate the area under the
peak. MR spectroscopic data were ana-
lyzed by a single medical physicist
(C.W.L.) with more than 10 years of ex-
perience in MR spectroscopic analysis.
The physicist was blinded to clinical data
and imaging findings.

Absolute metabolite concentrations
were calculated by using the choline
peak and a standard calibration phan-
tom as a reference. The average value of
the area of the choline peak, which was
derived from a long-term signal inten-
sity stability test recorded over the
course of 8 months, was used as the
reference (Iref). The coefficients of vari-
ance of the detected intensity for the
choline signal was calculated to be 6%.

By using the peak in the HCC spec-
trum, we calculated the concentration
of choline by using the following equa-
tion:

Cm � Cref

�
Im � fT1�m� � fT2�m�/� fL � nm � Vm�

Iref � fT1�ref� � fT2�ref�/�nref � Vref�
,

where Cm and Cref are the concentra-
tions of the metabolite in the tissue and
choline in the standard phantom, re-
spectively; Im and Iref are the localized
signal integrals from the liver and the
standard phantom, respectively; fL is a
factor that takes into account the varia-
tion of coil loadings by patients and the
phantom; and the parameters fT1(m) and
fT1(ref) are correction factors for T1 ef-
fects on the partial saturation of metab-
olite signals and choline signal in the
standard phantom, respectively: fT1 �
1/(1 � e�TR/T1), where TR indicates
repetition time. In patients with HCC,
we used the mean saturation factor
from four HCC tumors to correct this
factor because of the long experimental
T1 measurement time. The saturation
factor was calculated by using two repe-
tition time values of 1.5 and 8.0 sec-
onds. The parameters fT2(m) and fT2(ref)

are correction factors for the effect of
T2 on the specific length of echo time

(TE) of metabolite signals and choline
signal in the standard phantom, respec-
tively: fT2 � 1/e�TE/T2. In patients with
HCC, we used the mean T2 value from
four HCC tumors to correct this factor.
The values of T2 for choline in the liver
tumors were estimated by using four
echo time values (30, 90, 150, and 300
msec); the values of T2 were extracted
by fitting the data as a function of echo
time to a monoexponential model. The
variable nm is the number of protons
per molecule contributing to the metab-
olite signal of the tissue; nref is the cho-
line compound in the standard calibra-
tion phantom (nref � 9); and Vm and Vref

are the selected localization volumes of
the tissue and the standard calibration
phantom, respectively (30).

Loading effects between the stan-
dard phantom and the in vivo liver stud-
ies were investigated in the eight con-
trol subjects by using a cylindrical bottle
of water (diameter, 6 cm; height, 14
cm) that was placed close to the control
subjects. A standard coil-loading cor-
rection factor from the mean value of
control subjects was used to correct for
the coil-loading effect.

Diffusion-weighted MR Imaging
Diffusion-weighted MR images were ob-
tained in 18-second breath-hold periods
by using a transverse spin-echo echo-
planar sequence (repetition time msec/
echo time msec, 4000/6.1; gradient
strength, 40 mT/m; matrix size, 64 �
140; section thickness, 8 mm; intersec-
tion gap, 0.8 mm; one signal acquired;
field of view, 360 mm).

Diffusion-weighted MR images and
ADC maps were acquired by using b
values of 0 and 500 sec/mm2 applied in
the z direction. Quantitative ADC maps
were calculated by using commercially
available software and an imaging work-
station (Functool and AW 4.0; GE Med-
ical Systems). ADC values were mea-
sured by a radiologist (G.C.L.) with
more than 15 years of experience in
gastrointestinal and hepatobiliary MR
imaging and more than 4 years of expe-
rience in diffusion-weighted MR imag-
ing of livers. We measured ADC values
by placing a region of interest over the
entire area of the treated mass, section
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by section in thicknesses of 10 mm, and
avoided torsion and artifact regions.
The number of imaging sections of the
tumors in all patients ranged from four
to 12 depending on the tumor size. The
final ADC value in each case was deter-
mined by means of the average of all
sections obtained. The region of inter-
est of ADC values included the entire
lesion because of the heterogeneous na-
ture of the lesions.

Chemoembolization Technique
An 18-gauge single-wall needle was used
to access the right common femoral ar-
tery by using the Seldinger technique. A
5-F vascular sheath was placed into the
right common femoral artery over a
0.035-inch guidewire (Glidewire; Terumo
Medical, Somerset, NJ). With fluoro-
scopic guidance, a 4-F glide Yashiro cath-
eter (Cordis, Miami, Fla) was advanced
into the aortic arch, formed, and then
used to select the celiac axis. The catheter
was advanced over the guidewire into the
desired hepatic artery branch, depending
on the tumor location. Chemoemboliza-
tion drugs were mixed with a 2:1 ratio of
epirubicin (30–50 mg) (Pharmorubicin;
Pharmacia & Upjohn, Milan, Italy), mito-
mycin (6–10 mg) (Mitomycin-C; Kyowa
Hakko Kogyo, Tokyo, Japan), and non-
ionic contrast material (6–30 mL) (Ultra-
vist; Schering, Berlin, Germany) to io-
dized oil (3–15 mL) (Lipiodol Ultra Fluide;
Laboratoires Guerbet), the dose of which
depended on the tumor size. After slow
effusion of the chemoembolization drugs
and gelatin sponge particles (1 mm3)
(Gelfoam; Upjohn, Kalamazoo, Mich),
complete embolization of the feeding he-
patic artery was achieved. The TACE
procedures were performed by an inter-

ventional radiologist (D.K.W.) with 18
years of experience.

All patients underwent nonenhanced
CT after TACE. The CT and angiographic
images were prospectively read by two
radiologists (Y.T.K., T.S.J.) with 8 and 15
years of experience, respectively, in ab-
dominal and interventional image inter-
pretation. They evaluated the success of
TACE procedures independently. Differ-
ences in assessment were resolved by
means of discussion and consensus. Eval-
uation criteria included the following:
(a) good (50%–74%) iodized oil retention
in the tumor, (b) low attenuation ische-
mic or edematous change within the tu-
mor, and (c) embolization through the
correct segmental or subsegmental feed-
ing arteries.

Statistical Analysis
The median and range of choline levels
and ADC values in patients with HCC and
in the control subjects were described.
Because of the small sample size in this
study, nonparametric statistics were
used. A Wilcoxon rank sum test was used
to compare absolute choline levels and
ADC values at baseline between HCCs
and normal liver parenchyma. Among the
patients with HCC, the Wilcoxon signed
rank test was used to compare the differ-
ences in choline levels and ADC values
before and after TACE. Differences were
considered significant when P values
were less than .05.

Results

1H MR Spectroscopy
Of the 20 patients with HCC who were
included in our study, two (patients 1

and 2) underwent two follow-up imag-
ing studies and a second TACE proce-
dure because of tumor recurrence. In
two patients (patients 19 and 20), stud-
ies showed poor spectroscopic resolu-
tion, both before and after TACE, be-
cause of massive ascites and severe mo-
tion artifacts. Patients with ascites had
studies with more motion artifacts than
did patients without ascites because of
dyspnea and discomfort, and this mo-
tion tends to ruin the spectral data;
therefore, choline levels could be evalu-
ated in only 18 of the 20 patients with
HCC.

The median preoperative absolute
choline level in 18 patients with HCC
was 4.0 mmol/L (range, 0.0–17.2
mmol/L), which was significantly higher
than that in normal liver parenchyma
(median, 1.6 mmol/L; range, 0.0–2.1
mmol/L; P � .01, Wilcoxon rank sum
test) (Table 1). Among the 18 patients
evaluated, median absolute choline con-
centrations before and after TACE were
4.0 mmol/L (range, 0.0–17.2 mmol/L)
and 0.4 mmol/L (range, 0.0–3.5 mmol/
L), respectively. Differences (after
TACE minus before TACE) of absolute
choline levels were significantly differ-
ent from zero (Table 2, Fig 1) (P � .01,
Wilcoxon signed rank test). Choline
resonance at 3.2 ppm on the 1H MR
spectroscopic images decreased after
TACE treatment in all cases except one
(Fig 2). Lipoid resonance at 0.9–1.4
ppm increased after TACE because of
the embolization agent iodized oil depo-
sition (Fig 3).

Diffusion-weighted MR Images
Diffusion-weighted images were suc-
cessfully obtained for all 20 patients.
The median ADC value among the 20
patients with HCC was 1.56 mm2/sec
(range, 1.12–2.31 mm2/sec), which was
not significantly different from that
among those with normal liver paren-
chyma (median, 1.67 mm2/sec; range,
2.08–1.46 mm2/sec; P � .05, Wilcoxon
rank sum test) (Table 1). Among the 20
patients with HCC, median ADC values
before and after TACE were 1.56 mm2/
sec (range, 1.12–2.31 mm2/sec) and
2.09 mm2/sec (range, 1.47–2.70 mm2/
sec), respectively. Differences (after

Table 1

Absolute Choline Levels and ADC Values between HCC before TACE and Normal Liver
Parenchyma

Parameter HCC before TACE* Normal Liver (n � 8) P Value†

Median choline level (mmol/L) 4.0 (0.0–17.2) 1.6 (0.0–2.1) �.01
Median ADC ([mm2/sec] � 10�3) 1.56 (1.12–2.31) 1.67 (2.08–1.46) �.05

Note.—Data in parentheses are the ranges.

* Choline level was evaluated in 18 patients, and ADC was evaluated in 20 patients.
† Wilcoxon rank sum test.
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TACE minus before TACE) in ADC val-
ues were significantly different from
zero (Table 3, Fig 4). (P � .01, Wil-
coxon signed rank test). The difference
in diffusion before TACE versus after
TACE was clearly demonstrated on
ADC map images. Tumor necrosis was
seen as regions of bright signal intensity
on ADC maps, which indicated free dif-
fusion of water molecules, whereas via-
ble tumor was seen as regions of low
signal intensity on ADC maps, which
indicated limited diffusion (Fig 5a, 5b).
However, the signal intensity changes
on the T2-weighted MR images before
and after TACE were not obvious (Fig
5c, 5d).

Two patients underwent repeated
follow-up imaging examinations be-
cause of tumor recurrence. For these
patients, 1H MR spectroscopic images
and diffusion-weighted MR images
showed patterns of changes in choline
and ADC that were similar to before
and after the first TACE procedure:
Choline concentrations had returned to
high levels before the second TACE pro-
cedure; choline levels decrease after the
second TACE procedure; ADC values
increased from before the second TACE
procedure to after the second proce-
dure. At statistical analysis, we ex-
cluded the results of the additional (sec-
ond) procedure in each of these pa-
tients.

Discussion

The usefulness of 1H MR spectroscopy
in evaluating responses to treatment
has been reported for malignancies of
the head and neck, breast, uterine cer-
vix, and prostate (21,37,38). Jagan-
nathan et al (22) reported that among
67 patients with breast cancer undergo-
ing neoadjuvant chemotherapy, ab-
sence of or reduction in choline level
was observed in 89% of patients. In our
study, 94% of the patients with HCC
had decreased choline concentrations
after TACE treatment (ie, 17 of 18 pa-
tients in whom choline concentration
was evaluated). At 1H MR spectros-
copy, choline and its derivatives are
thought to represent important constit-
uents in the phospholipid metabolism of

cell membranes (39). Elevation of the
choline peak is thought to represent in-
creased membrane phospholipids bio-
synthesis and is also thought to be an
active marker for cellular proliferation
and/or cell density that occurs with the
evolution and progression of cancer
(40,41).

In our in vivo 1H MR spectroscopy
study, we found a strong relationship
between the signal intensity at 1H MR
spectroscopy and the presence of a ma-
lignant HCC. All HCCs except one (in
patient 3) displayed a baseline choline
peak that was higher than control val-
ues; almost all displayed a reduction in
the choline peak after TACE treatment.
Histologically, the one HCC that failed
to display an elevated choline peak
showed fibrotic degeneration without
malignant cells at the first biopsy proce-
dure, with the specimen taken ran-
domly at the tumor site, and a few
malignant cells at the second biopsy
procedure, with the specimen taken
specifically at the periphery of the en-
hanced tumoral part. Angiograms (Fig
2a) showed hypovascularity of the tu-
mor, and T2-weighted MR images (Fig
2b) demonstrated central high and pe-
ripheral low signal intensities owing to
necrotic degeneration and fibrotic con-

tent in the tumor. The findings of non-
significant choline changes without a
high choline peak before and after
TACE in this patient (Fig 2c) might thus
be a reflection of reduced cellularity and
of decreased cell proliferation in the tu-
mor caused by excessive necrosis, de-
generation, and fibrotic content. We do
not believe that this was due to inconsis-
tent positioning of the MR spectro-
scopic region of interest, because an ex-
perienced radiologist (C.Y.C.) consis-
tently selected the same lesion site, thus
ensuring a constant voxel-of-interest
site for the two MR spectroscopic stud-
ies obtained before and after TACE.
Therefore, this is not a false-negative
case.

One patient (patient 2) underwent
two follow-up imaging examinations ow-
ing to tumor recurrence. At the second
follow-up examination, we selected vox-
els of interest at two sites, the tumoral
necrotic part and the true recurrent tu-
moral part, to observe their differences.
The 1H MR spectroscopic study ob-

Figure 1

Figure 1: Graph of changes in absolute choline
concentration at 1H MR spectroscopy shows
significant decline in absolute choline concen-
tration after TACE among 18 patients who un-
derwent TACE, with the exception of only one
patient, in whom a hypovascular tumor with
necrotic and fibrotic content was shown at his-
tologic evaluation.

Table 2

Difference in Absolute Choline Levels
before and after TACE in 18 Patients

Patient
No.

Choline Level
(mmol/L)

Difference
(mmol/L)*

Before
TACE

After
TACE

1 11.3 3.5 �7.8
2 2.6 0.4 �2.2
3 0 0.5 0.5
4 1.7 0 �1.7
5 2.6 0 �2.6
6 17.2 0 �17.2
7 6.2 2.7 �3.5
8 17.0 2.7 �14.3
9 9.5 0 �9.5

10 2.4 0 �2.4
11 4.6 0 �4.6
12 12.2 1.3 �10.9
13 3.2 0 �3.2
14 3.4 2.5 �0.9
15 6.7 1.5 �5.2
16 1.3 0.4 �0.9
17 7.1 1.8 �5.3
18 3.0 0 �3.0
Median 4.0 0.4 �3.4

* P � .001 for all (Wilcoxon signed rank test).
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tained before TACE showed an elevated
choline peak in the recurrent part of the
tumor but no elevation in choline peak
in the necrotic part of the tumor. After
TACE, the lack of a definite choline
peak at either site suggested that the
treated necrotic HCC remained at a
lower choline concentration and that
TACE effectively decreased the choline
concentration in the recurrent part of
the tumor. These re-elevations of cho-
line levels caused by tumor recurrence
and re-reductions due to a second
TACE procedure support our finding
that HCC elevates and TACE reduces
hepatic choline levels.

The detection of a signal from the

liver at 1H MR spectroscopy is challeng-
ing. Physiologic motion due to breathing
and heartbeat may increase background
noise and further hinder the detection
of small amounts of metabolites within
the tumors, especially in the left hepatic
lobe and extreme end of the right he-
patic lobe. In our study, two cases were
considered technical failures owing to
severe motion, which reduced signal-to-
noise ratios. Therefore, further devel-
opment of new MR techniques, such as
the breath-hold technique with a phase-
array torso coil, are needed for more
precise examinations (42). Further-
more, quantification of choline-related
compounds with the ratio method by

using an internal standard such as water
or lipid is difficult because the back-
ground of liver tissue is highly variable.
Iodized oil infusion used in TACE may
increase lipid concentrations. There-
fore, to prevent iodized oil contamina-
tion we used the external phantom re-
placement method (30) to quantify the
absolute choline concentration and eval-
uate metabolic changes after TACE.

Although the standard deviation for
choline levels in normal liver was quite
large in our study, we cannot make
comparisons since, to our knowledge,
ours is the first report of hepatic choline
by using MR. We believe that the large
standard deviation was due to the mo-
tion effect of breathing. We estimated
the precision of this method of quantifi-
cation by using white matter of brain
(n � 5). The coefficient of variation was
25%.

In normal liver, Lim et al (43) found
that the 1H MR spectrum of the liver
showed that lipid compounds peak at
0.9–1.4 ppm and choline compounds
peak at 3.2 ppm. Our study revealed
similar findings; a choline resonance
was present in normal livers. However,
the mean absolute concentration was
relatively low. In our study, among both
control subjects and patients with HCC,
the absolute choline concentration var-
ied from 1.0 to 17.2 mmol/L, and this
could perhaps be related to different
phases of cell growth or to different tu-
mor grades with different choline con-
tents.

In our study, we found no difference
in results between normal liver and
HCC. All the large HCCs showed differ-
ent degrees of necrosis with typical MR
imaging findings of high signal intensity
on T2-weighted MR images, low signal
intensity on T1-weighted MR images,
and no enhancement on MR images ob-
tained after administration of contrast
material. This may be due to the HCCs
with necrotic portions causing greater
extracellular free water content. In our
study, all patients had increased ADC
values at diffusion-weighted MR imag-
ing performed after TACE. Taouli et al
(36) reported that ADC values can be
used to differentiate between benign
and malignant hepatic lesions because

Figure 2

Figure 2: Images in 69-year-old man with HCC at posterior-inferior segment of the right hepatic lobe dem-
onstrate the one case with no decrease in choline concentration after TACE. (a) Posteroanterior angiogram of
right hepatic artery reveals hypovascular HCC at segment VI, where TACE is performed. (b) Transverse fast
spin-echo fat-saturated T2-weighted MR image (10 000/100; flip angle, 90°) shows a hypointense tumor with
central high-signal-intensity content (arrow). (c) Before TACE (Pre) and after TACE (Post), the 1H MR spec-
trum shows no significant choline resonance at 3.2 ppm.
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of the low ADC values in malignant tu-
mors (including HCCs). Kim et al (44)
affirmed that ADC values of the necrotic
portion of tumors are high. In our study,
we could not differentiate HCCs from
normal liver by using ADC values; this is
possibly because the large HCCs may
have been contaminated by variable ne-
crotic parts.

Our study had technical limitations.
First, we used a single, relatively large
voxel of 2 � 2 � 3 cm in our MR spec-
troscopy study. Contamination error
was therefore possible. Also, because of
the large voxel, we could not definitely
distinguish or sample the necrotic part
from the viable part in tumors after
TACE. Hence, development of mul-
tivoxel two- or three-dimensional chem-
ical shift imaging with breath-hold MR
spectroscopy would be the best method
for future evaluation. Second, although
we used a 3.0-T MR imager to increase
signal-to-noise ratio, image distortions
and susceptibility artifacts were un-
avoidable to some degree. Therefore, a
definite differentiation between ne-
crotic parts and viable parts after TACE
is difficult because of the lower spatial
resolution and the greater heterogene-
ity of the HCCs. Findings in recent stud-
ies have shown that new imaging se-
quences can improve image quality and
may be useful in future investigations

(45). Diffusion-weighted single-shot
echo-planar imaging was combined with
sensitivity encoding to further increase
the potential of echo-planar imaging for

diffusion imaging. No ghost or aliasing
artifacts were discernible, and echo pla-
nar–related image distortions were
markedly diminished. Chemical shift ar-

Figure 3

Figure 3: Images in 56-year-old woman with HCC at the postinferior segment of the right hepatic lobe demonstrate spectrum of 1H MR spectroscopy and changes in
choline and lipid content after TACE in a typical case. (a) Nonenhanced transverse CT scan 2 days after TACE reveals complete (�75%) iodized oil retention in the tumor
(arrow). (b) Localized MR image (350/30) shows location of the voxel of interest in the tumor, with the same location before and after TACE. (c) 1H MR spectrum shows
significant choline resonance decrease (arrow, at 3.2 ppm) before TACE (Pre) and after TACE (Post). The lipid resonance (0.9 –1.4 ppm) displays an increase after TACE
caused by iodized oil infusion during TACE.

Table 3

Difference in ADC Values before and after TACE in 20 Patients

Patient No.
ADC ([mm2/sec] � 10�3) Difference*

([mm2/sec] � 10�3)Before TACE After TACE

1 2.14 2.34 0.20
2 2.10 2.31 0.21
3 1.23 1.47 0.24
4 1.61 1.89 0.27
5 2.35 2.70 0.35
6 1.55 2.23 0.68
7 1.53 1.80 0.27
8 1.39 1.87 0.48
9 1.76 2.09 0.33

10 1.38 2.27 0.89
11 1.31 2.24 0.93
12 1.64 1.81 0.17
13 1.64 1.94 0.30
14 1.54 1.74 0.20
15 1.29 2.08 0.79
16 1.56 2.19 0.63
17 1.12 1.65 0.53
18 1.52 1.92 0.40
19 2.14 2.64 0.50
20 1.81 2.32 0.51
Median 1.56 2.09 0.38

* P � .001 for all (Wilcoxon signed rank test).
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tifacts and eddy current–induced image
warping were still present, although to a
markedly smaller extent. Because of the
faster k-space reversal, this novel tech-
nique is able to reduce typical echo-pla-
nar imaging artifacts and increase spa-
tial resolution while simultaneously re-
maining insensitive to bulk motion (46).

Third, the patient population in this
study was relatively small, so further
studies with a larger number of patients
are needed to reach a firmer conclusion.
Fourth, we were unable to obtain im-
ages and pathologic correlations of the
hepatic lesions after chemoembolization
because most of these patients did not
undergo surgery (they were not candi-
dates). Also, follow-up data on patient
outcomes such as survival were not
available.

In conclusion, in vivo 1H MR spec-

troscopic changes that show hepatic
choline levels may be a useful strategy
for the evaluation of therapeutic effec-
tiveness of the response of large HCCs
to TACE. Diffusion-weighted MR im-
ages that show ADC values may be use-
ful in assessing the early therapeutic re-
sponses of large HCCs after TACE by
depicting tumor necrosis with increas-
ing ADC values and by means of signal
intensity changes on diffusion-weighted
MR images and ADC maps. However,
ADC values cannot contribute to the ini-
tial differential diagnosis because of the
large tumor size, which may be contam-
inated by tumor necrosis. A combina-
tion of 1H MR spectroscopy (for cho-
line) and diffusion-weighted MR imag-
ing (for ADC) might turn out to be
useful for assessing the early therapeu-
tic responses in large HCCs after TACE
and for guiding patient care. Further
refinements of MR techniques would
promote its usefulness for assessment
of smaller lesions.
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