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Abstract

AIM: To investigate whether intra-procedural diffusion-
weighted magnetic resonance imaging can predict re-
sponse of hepatocellular carcinoma (HCC) during trans-
catheter arterial chemoembolization (TACE).

METHODS: Sixteen patients (15 male), aged 59 +
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11 years (range: 42-81 years) underwent a total of 21
separate treatments for unresectable HCC in a hybrid
magnetic resonance/interventional radiology suite. Ana-
tomical imaging and diffusion-weighted imaging (6 =
0, 500 s/mm?) were performed on a 1.5-T unit. Tumor
enhancement and apparent diffusion coefficient (ADC,
mm?/s) values were assessed immediately before and
at 1 and 3 mo after TACE. We calculated the percent
change (PC) in ADC values at all time points. We com-
pared follow-up ADC values to baseline values using a
paired ¢ test (a = 0.05).

RESULTS: The intra-procedural sensitivity, specificity,
and positive and negative predictive values (%) for de-
tecting a complete or partial 1-mo tumor response using
ADC PC thresholds of £5%, +10%, and +15% were 77,
67, 91, and 40; 54, 67, 88, and 25; and 46, 100, 100,
and 30, respectively. There was no clear predictive value
for the 3-mo follow-up. Compared to baseline, the imme-
diate post-procedure and 1-mo mean ADC values both
increased; the latter obtaining statistical significance (1.48
+ 0.29 mm?/s vs 1.65 £ 0.35 x 10° mm?/s, P < 0.014).

CONCLUSION: Intra-procedural ADC changes of >
15% predicted 1-mo anatomical HCC response with
the greatest accuracy, and can provide valuable feed-
back at the time of TACE.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the third most com-
mon cause of death from cancer worldwide! and the
main cause of death among cirrhotic patients”. Trans-
catheter arterial chemoembolization (TACE) is commonly
employed to treat HCC patients who are not candidates
for curative surgical resection or transplantation. To date,
two separate randomized controlled trials have demon-
strated survival benefit in patients undergoing TACE
compared to best supportive care™ and TACE is cur-
rently recommended as first-line non-curative therapy for
non-surgical patients with intermediate-stage HCC™.

Monitoring tumor response is paramount to deter-
mine the time interval of repeat treatment or to identify
treatment failure. An imaging modality that can serve as
an early surrogate marker of tumor necrosis, and objec-
tively predict future tumor response at the time of treat-
ment, would be immensely beneficial, especially because
treatment response has been identified as an indepen-
dent predictor of survival”.

Conventionally, response is evaluated by magnetic
resonance imaging (MRI) at 1-3 mo after TACE. Assess-
ment of anatomical response in the early post-treatment
period can be misleading, however, because a reduction
in tumor size often does not correlate with the degree of
tumor necrosis””. Furthermore, conventional gadolinium-
enhanced MRI might not discern therapy-induced inflam-
mation and granulation tissue from viable tumor™. Given
these limitations, alternative MRI techniques are desited to
reflect tumor response more accurately.

Diffusion-weighted imaging (DWI), a functional MRI
technique, detects MR signal changes in tissues due to
water proton motion that varies based upon the degree of
cell membrane integrity. The intact membranes of viable
tumor cells restrict water diffusion, whereas necrotic tu-
mor cells with disrupted cell membranes exhibit increased
water diffusion. This mobility of water is quantified by
a constant known as the apparent diffusion coefficient
(ADC). Previous preclinicalm’“] and clinical™ studies
have shown that tumor nectosis is associated with an
increase in ADC value, thereby allowing differentiation
between viable and necrotic portions of tumor. Addition-
ally, DWI can determine treatment response several weeks
earlier than anatomical imaginglg’lzj. However, it remains
unclear if these changes in water mobility occur immedi-
ately during TACE. If so, it is possible that such changes
could provide interventional radiologists with a functional
parameter to determine the endpoint of TACE and to
predict future response to therapy. Therefore, we tested
the hypotheses that ADC changes are present at the time
of TACE, and that they can predict conventional 1.5-T
MR anatomical image changes at 1 and 3 mo post-TACE.
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MATERIALS AND METHODS

Clinical setting and patients

Our local Institutional Review Board approved this Health
Insurance Portability and Accountability Act compliant
study, which was performed at a single urban, academic
tertiary care center. All patients provided informed con-
sent. We enrolled 16 consecutive patients with a total of
21 separate treatment sessions for 21 primary HCC le-
sions from March 2006 to September 2009. Candidates
for TACE were evaluated and treated for unresectable
HCC after discussion at a multidisciplinary tumor board
conference. Inclusion and exclusion criteria were modified
from the report of Brown ez al””. We included patients
who met the following critetia: (1) age > 18 years; (2) abil-
ity to provide informed consent; (3) Eastern Cooperative
Oncology Group (ECOG) performance status no greater
than 2; (4) Child-Pugh class A or B disease; (5) focal or
multifocal hepatic malignancy; (6) no contraindications to
MRI; and (7) TACE petformed in an MR/interventional
radiology (IR) suite. Patients were excluded if they met
any of the following criteria: (1) life expectancy < 6 mo;
(2) Eastern Cooperative Oncology Group performance
status = 3; (3) Child-Pugh class C disease; (4) uncorrect-
able abnormal laboratory values (international normalized
ratio > 1.5; platelet count < 5.0 X 10"/ uL; total serum
bilirubin > 4.0 mg/dL; serum creatinine > 2.0 mg/dL); or
(5) contraindications to MRI.

Treatment protocol

Certificate of Added Qualification (CAQ)-certified in-
terventional radiologists who specialize in interventional
oncology performed all TACE procedures in a sterile
MR/IR suite (Miyabi; Siemens, Erlangen, Germany).
This suite contains a 1.5-T Espree MR imager connected
to an Artis dTA digital subtraction angiography (DSA)
unit iz a sliding patient table (Figure 1).

Patients first underwent DSA for superselective hepatic
arterial catheter placement. Next, patients were transferred
to the adjacent MR unit for pre-TACE tumor imaging,
After baseline tumor imaging, patients were transferred
back to the DSA unit and underwent TACE. Subsequently,
patients were transferred back to the MR suite to obtain
a set of post-TACE images. Lastly, patients underwent a
final transfer to the IR suite to remove the vascular sheath
and to compress the arterial puncture site manually to
achieve hemostasis. Patients were admitted to the hospital
for monitoring and discharged 1-2 d later after verification
of adequate pain control, ambulation, and oral intake.

DSA and TACE protocols

DSA was performed with a 5.5-F visceral catheter and a
2.8-F microcatheter (Renegade Hi-Flo, Boston Scientific,
Natick, MA, USA) that were coaxially inserted over a
0.016-inch diameter guide wire (Headliner, Terumo, To-
kyo, Japan) to superselect the hepatic lobar or segmental
hepatic artery that supplied the tumor. DSA was per-
formed with iohexol injections (Omnipaque 350; Amer-
sham Health, Princeton, NJ, USA).
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Figure 1 Hybrid MR/IR suite at investigators’ institution. Moving table (arrow)
allows the rapid transfer of patients between radiographic DSA and MRI during
TACE. MRI: Magnetic resonance imaging; IR: Interventional radiology; DSA:
Digital subtraction angiography; TACE: Transcatheter arterial chemoembolization.

We performed TACE using a 1:1 solution of emul-
sifying oily contrast agent and chemotherapeutic agents:
10 mL Ethiodol (Savage Laboratories, Melville, NY,
USA) combined with a 10-mL mixture of 100 mg cispla-
tin, 30 mg doxorubicin, and 30 mg mitomycin C. Using
fluoroscopic monitoring, we infused the solution until
initial slowing of antegrade blood flow was noted. TACE
was then completed by injecting 500-700-pm diameter
Embospheres (Biosphere Medical, Rockland, MA, USA)
mixed with iohexol. Angiographic endpoint was selected
at the discretion of the treating interventional radiologist
and ranged from subjective angiographic chemoemboli-
zation endpoint (SACE) levels T1-IV"™,

MRI protocol

All patients underwent anatomical and functional MRI
prior to and immediately following TACE therapy. A sub-
set of these patients also received imaging at the 1- and
3-mo follow-up time periods. All MRI was performed
using a flexible six-channel phased-array abdominal imag-
ing coil on a 1.5-T MRI scanner (Espree; Siemens Medical
Solutions, Erlangen, Germany). Anatomical MRI included
T2-weighted (T2W) half-Fourier acquisition single-shot
turbo spin-echo and T1-weighted (T1W) gradient-recalled-
echo imaging sequences, with and without contrast, with
fat suppression in the arterial and delayed venous phases.
Functional DWI was performed using single-shot spin-
echo echo-planar imaging during one or more breath holds
(repetition time/echo time = 2500/82 ms; slice thickness/
gap = 8/4 mm; bandwidth 1.5 kHz/pixel; partial Fourier
factor 6/8; non-selective fat saturation; twice refocused
spin-echo diffusion weighting to reduce eddy-current in-
duced distortion with 4 values of 0 and 500 s/mm?). ADC
parametric maps were reconstructed from each set of DW
images acquired at each slice position.

Image analysis

A Siemens Argus image workstation was used to process
all MR images. CAQ-certified interventional radiologists
assessed anatomical tumor response on T1W contrast-ma-
terial-enhanced MRI. Areas of persistent tumor enhance-
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ment after treatment were used as an indication of residual
tumor, as proposed by the European Association for the
Study of the Liver (EASL)"., Radiographic tumor enhance-
ment was assessed at baseline and at 1 and 3 mo after ther-
apy. Relative change in tumor enhancement was divided
into four categories: (1) complete disappearance of tumor
enhancement after treatment denoted a complete response
(CR); (2) = 50% decrease in area of tumor enhancement
corresponded to a partial response (PR); (3) progressive
disease (PD) was indicated by a = 25% increase in area of
tumor enhancement; and (4) tumor enhancement changes
that did not fit any of the previous three categories were
designated as stable disease (SD). These percentages were
chosen to correspond to the World Health Organization
guidelines regarding bi-dimensional tumor size measure-
ments' . An objective EASL response included CR and
PR alone.

DWI and ADC maps were used to determine func-
tional tumor response. A region of interest (ROI) was
drawn around each entire tumor on DWI using the T1W
images as a reference. For accuracy, the ROI measure-
ments for mean ADC values were then obtained by
transferring the DWI ROI to the ADC maps at the cor-
responding slice positions. ADC values were measured
for each tumor at baseline, immediately after treatment,
and at 1 and 3 mo. Functional tumor response was re-
ported in ADC units of mm?®/s.

To determine if the ADC values changed immediate-
ly after TACE and whether they predicted anatomical tu-
mor response at long-term follow-up, we calculated the
percent change (PC) in ADC values at all time points ac-
cotding to the formula PC = [(ADCpos-AD Cpre) / AD Cpre]
X 100, where ADCpre was the baseline measurement and
ADCpost was the measurement obtained at each follow-
up time period. Using the anatomical response at 1 and
3 mo as the gold standard, we determined the sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) of the PC in ADC immediately
after TACE. These values were calculated using ADC
PC absolute thresholds; an increase or decrease in ADC
value of more than 5%, 10%, or 15% was considetred to
be a positive outcome.

Figures were prepared using Adobe Photoshop soft-
ware (Adobe Systems Inc., San Jose, CA, USA).

Statistical analysis

We collected and reviewed all patient demographic data,
including a-fetoprotein (AFP), total bilirubin, aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT), and alkaline phosphatase levels, as well as tumor
characteristics, including HCC staging and radiographic
evaluations before and after TACE.

The mean * SD was calculated for patient age, time
elapsed from treatment to follow-up, liver function labo-
ratory values, and MR measurements of ADC values. A
paired 7 test with o = 0.05 was used to compare differ-
ences between ADCpre and ADCpos in all patients. In cases
in which a single patient underwent multiple treatments to
target separate tumors, ADC values and EASL responses
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Demographics n Staging system n
Sex Child-Pugh
Male 15 A 7
Female 1 B 9
Age C 0
> 65 yr 7 CLIP
<65yr 9 0 1
Ethnicity 1 5
Caucasian 9 2 10
Asian 3 Okuda
Hispanic 2 I 7
African American 1 i 9
Other 1 il 0
Etiology of liver disease’
Alcoholic hepatitis & HCC: Hepatocellular carcinoma; CLIP: Cancer of the liver italian program.
Hepatitis B 4
Hepatitis C 8
Hemochromatosis 1
Auto-immune hepatitis 1
Cryptogenic cirrhosis 1
ECOG class Serum test Baseline 1 mo 3 mo
0 7
1 9 AFP (ng/mL) 1633 £5997 5599 £ 21080 1264 + 2684
Thmmer chenisutien AST (U/L) 62.6+239 6621321 80.7+64.5
Solitary 3 ALT (U/L) 526+31.0 54.8+39.1 53.1+494
Multifocal 13 Alkaline phosphatase (U/L)  160+75.0 203 +107 173 + 68.8
Extrahepatic metastases Total bilirubin (mg/dL) 1.38+0.644 1.28+0.75 2.23+2.22
Yes 2
No 14 AFP: a-fetoprotein; AST: Aspartate aminotransferase; ALT: Alanine ami-
Infiltrative tumor notransferase.
Yes 0
No 16
Portal vein thrombosis italian program (CLIP) score greater than 2 (Table 2).
VD e Liver function tests are summarized in Table 3.
No 15
Tumor burden
>50% of liver volume 0 Anatomical tumor response after TACE
<50% of liver volume 16 On the anatomical contrast-material-enhanced T1W MR

'Two patients had both hepatitis C and alcoholic hepatitis; one patient
had both hepatitis B and alcoholic hepatitis. ECOG: Eastern Cooperative
Oncology Group.

were tabulated according to each individual treatment ses-
sion and used as separate data points. All statistical tests
were performed using Minitab 14 software (Minitab, State
College, PA, USA).

RESULTS

Patient demographics

Sixteen patients (15 male) successfully completed both
baseline pre-chemoembolization and immediate post-
chemoembolization anatomical MRI and DWTI for a total
of 21 treatment sessions. From the initial 21 treatments, 15
(71%) and eight (38%) of these cases included the 1-mo (37
t+ 11 d) and 3-mo (94 * 16 d) follow-up imaging, respec-
tively. Mean age was 59 & 11 years. Table 1 lists the demo-
graphic data for this 16-patient cohort. The majority of pa-
tients had multi-nodular, non-invasive HCC with moderate-
ly preserved undetlying liver function (i.e. Child-Pugh class
B disease). At the time of treatment, no patients exhibited
advanced disease (Okuda stage IIl) or a cancer of the liver
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images, the 1-mo follow-up demonstrated CR, PR, SD,
and PD rates of 6%, 75%, 13%, and 6%, respectively,
whereas the 3-mo follow-up showed rates of 38%, 0%,
25%, and 38%. Thus, a favorable EASL response (CR or
PR) was achieved in 81% of patients at 1 mo and 38%
of patients at 3 mo.

Functional MRI changes and prediction of response
after TACE

Mean baseline tumor ADC (X 10° mm’/s) was 1.48 £ 0.30,
which increased to 1.51 £ 0.36 immediately after TACE,
1.65 £ 0.35 at 1 mo, and then declined to 1.56 £ 0.48 at
3 mo. Compared to baseline, the increase in mean ADC
value at 1 mo was statistically significant (P < 0.014); how-
ever, the immediate post-procedure ADC change was not
significant.

Opverall mean ADC PC was 3.00% £ 16.4% immedi-
ately after TACE, 13.4% * 14.8% at 1 mo, and 4.25% =+
17.9% at 3 mo. Figure 2 is a scatter-plot graph of 16 dif-
ferent treatment sessions showing individual ADC PC dur-
ing TACE and corresponding 1-mo EASL status. Shaded
regions of the graph represent the ADC PC absolute
threshold values of 5%, 10%, and 15%. The sensitivity,
specificity, PPV, and NPV of the immediate post-TACE
ADC PC in predicting an objective EASL response (CR
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ADC %A threshold Sensitivity Specificity PPV NPV
EED) 77 67 91 40
+10 54 67 88 25
+15 46 100 100 30

ADC: Apparent diffusion coefficient; PPV: Positive predictive value; NPV:
Negative predictive value.

or PR) at 1 mo are listed in Table 4. There was no discern-
able predictive value related to the 3-mo anatomical tumor
response. Figure 3 is composed of representative MR im-
ages from a single patient showing HCC diffusion changes
during TACE and corresponding tumor anatomy 1 mo
later.

DISCUSSION

In this prospective study of 16 patients undergoing 21
separate TACE sessions, we showed that intra-procedural
ADC changes in tumor function could help predict future
anatomical response with increasing certainty at greater
absolute ADC PC cut-off values. Specifically, we showed
that patients whose ADC increased or decreased from
baseline by > 15% immediately after TACE had a 100%
rate in predicting a positive EASL response at 1 mo. Our
findings also confirm that ADC increases occur within
days to weeks following TACE, but indicate that they do
not change significantly at the time of therapy.

Several previous clinical studies have shown the ability
of DWI to map water distribution within HCC tumors
and quantify tumor necrosis after transcatheter liver-di-
rected therapy. In patients with HCC undergoing TACE,
Kamel e7 a/'*'” have confirmed the feasibility of DWI
to measure tumor response, which shows an increase in
ADC at 4-6 wk after TACE. In their studies, regions of
increased ADC corresponded to non-enhancing regions
of presumed coagulative necrosis on contrast-material-en-
hanced MRI. More recently, they have demonstrated ADC
changes as eatly as 1 wk post-TACE with no significant
changes occurring at 1 d of follow-up!”. Chen ez a/” have
further demonstrated on a 3.0-T' MR scanner an increase
in HCC ADC values as early as 2-3 d after therapy. Statis-
tically significant ADC increases have also been observed
following yttrium-90 radioembolization, and in a feasibility
study by Rhee ¢ a/'”, the 1-mo ADC changes were able to
predict the 3-mo anatomical tumor response. Cui ¢/ a v
have also looked at the predictive potential of ADC, albeit
in cases of systemic chemotherapy for hepatic metastases.

None of the aforementioned studies”'>'*"". how-
ever, were able to address the question of whether ADC
changes at the time of chemoembolization could be
used to predict future anatomical response. We were able
to address this gap in knowledge through the use of an
integrated MR/IR suite. Such a suite allowed us to image
patients with DWI immediately before and after TACE.
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Figure 2 Scatter-plot graph of 16 separately treated HCC lesions show-
ing intra-procedural ADC percent change and their corresponding 1-mo
EASL status. ADC: Apparent diffusion coefficient; HCC: Hepatocellular carci-
noma; EASL: European Association for the Study of the Liver; CR: Complete
response; PR: Partial response; PD: Progressive disease; SD: Stable disease.

Using this setup, we were able to show that DWI could
be used intra-procedurally to predict a future anatomical
response 1 mo after TACE. A positive result (ADC PC
> 15%) would likely suggest adequate HCC treatment;
however, a negative result would not be useful feedback
and could not be interpreted as insufficient treatment.

One explanation for the immediate post-TACE in-
crease in ADC is the ischemic effects of embolization
itself™”, as ischemia-induced cellular swelling has been
shown to increase ADC values”'. Disruption of cell
membrane integrity by the cytotoxic effects of TACE
would be expected to require more time to evolve, most
likely within the first week after therapy*[9’17’2()]. Notably,
large decreases in immediate ADCpos also predicted tumor
response. Limiting perfusion could conceivably lead to a
measurable ADC reduction because a significant compo-
nent of ADC values can be due to micro-capillary circula-
tion™, as opposed to water mobility alone. The relative
decrease in mean ADC value at the longer 3-mo follow-
up could be due to clearance of apoptotic bodies by scav-
enger cells, followed by fibrosis and tissue regeneration.

This study had several important limitations. First,
the cohort used in our study was limited in size, and not
all patients received follow-up imaging due to morbidity,
mortality, repeat TACE before 3 mo, liver transplant, or
being lost to follow-up. Second, assessments of func-
tional and anatomical tumor response depended upon
the selected & values and the anatomical response criteria
chosen. Third, while an inverse relationship was noted be-
tween an increase in ADC value and a qualitative decrease
in viable tumor enhancement, a correlation of magnitude
could not be determined. Finally, the results of this study
need to be validated by future studies with larger cohorts
to determine if intra-procedural ADC changes reliably
predict patient prognosis or affect outcome.

We concluded that intra-procedural ADC change of >
15% could serve as a useful prognostic indicator of tumor
response to TACE. This preliminary result is encourag-
ing because early knowledge of HCC response after
initial therapy is essential to revise prognosis and guide
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TiW

Pre

Post

1 mo

DWI ADC

Figure 3 Representative TIW, DW, and ADC MR images from a 70 year-old man with right-lobe HCC secondary to autoimmune hepatitis. Images were
acquired before, immediately after, and 1 mo after TACE. Arrows on the anatomical images indicate tumor location with sample ROIs drawn on the functional MR
images. Intra-procedural ADC changed by 28.6%, which predicted a favorable EASL response at 1 mo. T1W: T1-weighted; DW: Diffusion-weighted.

future therapy. Use of DWI and ADC mapping in con-
junction with traditional anatomical imaging evaluation
could further improve tumor response interpretation and
subsequent treatment planning. At present, MR/IR suites
permit the acquisition of immediate quantitative func-
tional imaging changes, in both tumor perfusion[23’24] and
now diffusion. Which of these two functional parameters
is more effective as an intra-procedural biomarker to tailor
HCC therapy awaits verification by future studies.
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Background

Early knowledge of hepatocellular carcinoma (HCC) response to transcatheter
arterial chemoembolization (TACE) is crucial for determining treatment success,
timing of repeat treatment, and patient prognosis. Currently, magnetic resonance
imaging (MRI) is used 1-3 mo after treatment to evaluate anatomical tumor
response, based upon changes in tumor size and contrast-agent enhancement.
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Alternatively, diffusion-weighted imaging (DWI) can be used as a functional imag-
ing technique to depict thermally induced motion of water molecules. The extent
of water mobility within biological tissues can be quantified by a parameter called
the apparent diffusion coefficient (ADC). Recently, ADC values have been shown
to change within days to weeks after therapy, which is earlier than changes seen
by conventional HCC anatomical size assessment. However, no studies to date
have reported the intra-procedural characteristics of ADC and whether these val-
ues can predict future tumor response at the time of chemoembolization.

Research frontiers

A non-invasive and non-ionizing imaging modality that could not only detect,
but also predict, early HCC response to treatment would be ideal. DWI has
demonstrated the capability to monitor and quantify functional tumor changes.
Consequently, the ADC value obtained immediately post-treatment is of much
interest because it has the potential to serve as an imaging biomarker of current
and possibly future tumor response.

Innovations and breakthroughs

Previous studies have described how ADC values change over time during the
follow-up period after TACE. Specifically, ADC values of HCC tend to increase
after therapy. This initial increase in tumor water mobility is detected as early as
2 d post-treatment, with significant increases during several weeks thereafter.
DWI has demonstrated the ability to identify and distinguish between viable and
necrotic portions of tumor, and significant increases in ADC often correspond
with tumor cell death. Earlier HCC evaluation, confirmation of successful treat-
ment, or discovery of treatment failure could improve therapeutic decision mak-
ing and patient prognosis. To elucidate further the role of DWI in characterizing
tumor response to therapy, the authors investigated whether ADC changes
could be detected immediately during intervention, and whether they could pre-
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dict future HCC response at the time of treatment. They addressed this ques-
tion by using a hybrid MR/interventional radiology suite, which permitted intra-
procedural imaging immediately before and after chemoembolization.

Applications

This preliminary results suggest that patients whose intra-procedural ADC
values increase or decrease by > 15% are more likely to have a favorable ana-
tomical tumor response 1 mo later.

Terminology

TACE involves the minimally invasive delivery of chemotherapy directly to the
site of the tumor, via an arterial catheter selectively placed during X-ray fluo-
roscopy (i.e. under real-time image guidance). This targeted method of drug
administration decreases systemic drug toxicity and improves local drug ef-
ficacy. TACE is a palliative (i.e. non-curative) treatment that has been shown to
improve survival for patients with intermediate-stage unresectable HCC.

Peer review
This is an excellent paper. It is a very interesting topic, especially for the radio-
logical gastrointestinal community.
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