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Purpose: To identify and validate the optimal thresholds for volu-
metric functional MR imaging response criteria to predict 
overall survival after intraarterial treatment (IAT) in pa-
tients with unresectable hepatocellular carcinoma (HCC).

Materials and 
Methods:

Institutional review board approval and waiver of informed 
consent were obtained. A total of 143 patients who had un-
dergone MR imaging before and 3–4 weeks after the first 
cycle of IAT were included. MR imaging analysis of one rep-
resentative HCC index lesion was performed with proprie-
tary software after initial treatment. Subjects were randomly 
divided into training (n = 114 [79.7%]) and validation (n = 29 
[20.3%]) data sets. Uni- and multivariate Cox models were 
used to determine the best cutoffs, as well as survival differ-
ences, between response groups in the validation data set.

Results: Optimal cutoffs in the training data set were 23% increase 
in apparent diffusion coefficient (ADC) and 65% decrease in 
volumetric enhancement in the portal venous phase (VE). 
Subsequently, 25% increase in ADC and 65% decrease in 
VE were used to stratify patients in the validation data set. 
Comparison of ADC responders (n = 12 [58.6%]) with non-
responders (n = 17 [34.5%]) showed significant differences 
in survival (25th percentile survival, 11.2 vs 4.9 months, re-
spectively; P = .008), as did VE responders (n = 9 [31.0%]) 
compared with nonresponders (n = 20 [69.0%]; 25th per-
centile survival, 11.5 vs 5.1 months, respectively; P = .01). 
Stratification of patients with a combination of the criteria 
resulted in significant differences in survival between pa-
tients with lesions that fulfilled both criteria (n = 6 [20.7%]; 
too few cases to determine 25th percentile), one criterion 
(n = 9 [31.0%]; 25th percentile survival, 6.0 months), and 
neither criterion (n = 14 [48.3%]; 25th percentile survival, 
5.1 months; P = .01). The association between the two crite-
ria and overall survival remained significant in a multivariate 
analysis that included age, sex, Barcelona Clinic for Liver 
Cancer stage, and number of follow-up treatments.

Conclusion: After IAT for unresectable HCC, patients can be stratified 
into significantly different survival categories based on 
responder versus nonresponder status according to MR 
imaging ADC and VE cutoffs.
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Insurance Portability and Accountabil-
ity Act after we obtained a waiver for 
informed patient consent from our in-
stitutional review board. The study was 
performed with financial support from 
Siemens Medical Solutions (Erlangen, 
Germany) and with software (MR On-
cotreat; Siemens Corporate Research, 
Princeton, NJ) that was developed in 
cooperation with Siemens Medical Solu-
tions (15). Authors who did not receive 
funding from and who were not employed 
by Siemens Medical Solutions (V.G.H., 
Z.L., C.P.C.) had full control of the data 
and its analysis throughout the study.

Patient Selection and Data Collection
Between October 2005 and February 
2011, 723 patients with HCC underwent a 
first cycle of IAT at our institution. To cre-
ate the study population for this analysis, 
we included all patients who had under-
gone the first cycle of TACE and baseline 
MR imaging within 3–4 weeks before 
IAT and who had undergone follow-up 

are adequate surrogate endpoints for 
overall survival because tumor shrink-
age is rarely observed in patients with 
unresectable HCC after IAT (8,9). Fur-
thermore, new antineoplastic cytostatic 
agents tend to stabilize, not decrease, 
tumor size (9).

To overcome this limitation, the 
European Association for the Study of 
Liver Disease (EASL) suggested that 
quantification of enhancement on ax-
ial contrast material–enhanced images 
could be used to assess changes in vi-
able tumor burden (10). However, both 
the EASL guidelines and the subsequent 
modified Response Evaluation Criteria in 
Solid Tumors (RECIST) guidelines (11) 
measure reduction in viable tumor bur-
den in one axial plane (12,13). Recent 
studies have shown poor correlation 
between the clinical benefit of systemic 
or locoregional treatment and RECIST, 
modified RECIST, or EASL guidelines as 
methods of response assessment (9,14).

Volumetric assessment of tumor 
anatomy and function is now possible 
(15–19). In particular, functional volu-
metric assessment of diffusion-weight-
ed magnetic resonance (MR) imaging 
with apparent diffusion coefficient 
(ADC) mapping and contrast-enhanced 
MR imaging have been applied success-
fully in the brain and liver (20,21). The 
aim of this study was to identify and 
validate the optimal thresholds for volu-
metric functional MR imaging response 
criteria to predict overall survival after 
IAT in patients with unresectable HCC.

Materials and Methods

This single-institution study was per-
formed in compliance with the Health 

Hepatocellular carcinoma (HCC) is 
one of the most common malig-
nancies worldwide and is asso-

ciated with a very low 5-year survival 
rate (1). Only a few patients with HCC 
qualify for surgical resection or liver 
transplantation, as more than 50% of 
all HCCs are diagnosed at an advanced 
stage of disease (2). Intraarterial ther-
apy (IAT), specifically transarterial che-
moembolization (TACE), is considered 
the standard of care in patients with 
unresectable HCC (3,4).

Although overall survival is consid-
ered the optimal endpoint in the assess-
ment of treatment response, prognostic 
modeling in patients with HCC is com-
plicated by the influence of tumor stage 
and liver function, both of which affect 
survival and tolerance of IATs (5,6). 
As a surrogate endpoint, cross-sec-
tional imaging was adopted for lesion 
measurement by the World Health 
Organization in 1979. It was generally 
accepted that a decrease in tumor size 
correlated with treatment effect (7). 
However, there is no evidence that cur-
rently used anatomic response criteria 

Implication for Patient Care

 n This study provides evidence that 
volumetric functional MR im-
aging thresholds can be used to 
stratify patients into response 
categories and may complement 
or even replace the use of tumor 
size as a response criterion in 
patients with unresectable hepa-
tocellular carcinoma after inter-
arterial therapy.

Advances in Knowledge

 n Apparent diffusion coefficient 
(ADC) responders (25% increase 
in ADC, 25th percentile survival 
of 11.2 months vs 4.9 months in 
nonresponders, P = .008) and 
venous enhancement responders 
(65% decrease in venous en-
hancement, 25th percentile sur-
vival of 11.5 months vs 5.1 
months in nonresponders, P = 
.01) showed improved overall 
survival compared with 
nonresponders.

 n Stratification by using a combina-
tion of an increase in ADC and a 
decrease in venous enhancement 
resulted in three response groups 
with significantly different overall 
survival times (both criteria, too 
few events to calculate survival; 
one criterion, 25th percentile 
survival of 6.0 months; neither 
criterion, 25th percentile survival 
of 5.1 months; P = .01).
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where ADCpre is the baseline mean vol-
umetric ADC and ADCpost is the mean 
volumetric ADC at 3–4-week follow-up.

Enhancement in the portal venous 
phase was calculated by subtracting the 
native phase signal intensity from the 
venous phase signal intensity and then 
multiplying by 100 to obtain a percent-
age. Percentage change in volumetric 
tumor portal venous enhancement at 
follow-up compared with volumetric 
tumor portal venous enhancement at 
baseline (VEchange) was calculated with 
the following formula:

( )post pre
change

pre

VE -VE
VE 100,

VE

⎧ ⎫⎪ ⎪= ×⎨ ⎬
⎪ ⎪⎩ ⎭

where VEpre is the baseline mean vol-
umetric portal venous enhancement 
and VEpost is the mean volumetric por-
tal venous enhancement at 3–4-week 
follow-up.

The time required for image 
analysis ranged from 20 to 40 minutes 
per patient and depended on the size 
and complexity of the index lesion.

Statistical Analysis
The description of the cohort used me-
dians and percentages, as well as inter-
quartile ranges. The x2 test was used to 
compare qualitative values, while non-
parametric tests (Mann-Whitney test 
and Kruskal-Wallis one-way analysis of 
variance) were used to compare quan-
titative variables. Overall survival was 
depicted with the Kaplan-Meier method 
and compared with the log-rank test. 
Survival was calculated from the date of 
the first session of IAT.

To identify the optimal cutoff points 
for response, we used a split-sample 
cross-validation approach based on 
volumetric tumor ADC and volumet-
ric tumor enhancement, with a train-
ing set of 79.7% of the data (114 pa-
tients) and a validation set of 20.0% of 
the data (29 patients). Univariate Cox 
regression models were used, and the 
best cutoffs for an increase in ADC 

experienced interventional radiologist 
(J.F.G., more than 15 years of expe-
rience) in accordance with a standard 
protocol that has been described more 
fully elsewhere (22,23).

MR Imaging Technique
All patients included in this study under-
went a standardized imaging protocol. 
MR imaging was performed with a 1.5-T 
MR imager (Magnetom Avanto; Siemens 
Medical Solutions) by using a phased-
array torso coil. The protocol included 
breath-hold diffusion-weighted echo-
planar imaging (repetition time msec/
echo time msec, 3000/69; matrix, 128 
3 128; section thickness, 8 mm; inter-
section gap, 2 mm; b value, 0 and 750 
sec/mm2; receiver bandwidth, 64 kHz), 
as well as breath-hold unenhanced and 
contrast-enhanced (0.1 mmol of intrave-
nous gadopentetate per kilogram of body 
weight, Magnevist; Bayer, Wayne, NJ) 
T1-weighted three-dimensional fat-sup-
pressed spoiled gradient-echo imaging 
(repetition time msec/echo time msec, 
5.77/2.77; field of view, 320–400 mm; 
matrix, 192 3 160; section thickness, 
2.5 mm; receiver bandwidth, 64 kHz; flip 
angle, 10°) in the hepatic arterial phase 
(20 seconds), portal venous phase (70 
seconds), and delayed phase (3 minutes).

Volumetric Functional MR Imaging 
Response
Image analysis was performed by an 
MR imaging researcher (V.G.H.) with 2 
years of experience with the aforemen-
tioned proprietary non–Food and Drug 
Administration–approved software, as 
described in a prior study (21). One 
HCC index lesion that had been treat-
ed during the first session of IAT was 
selected as the representative index 
lesion for the patient. The software au-
tomatically generated tumor diameter, 
tumor volume, volumetric ADC, and 
volumetric enhancement in the portal 
venous phase (VE).

ADC maps were reconstructed by 
using a monoexponential fit between two 
b values of 0 and 750 sec/mm2. The per-
centage change in volumetric tumor ADC 
at follow-up compared with volumetric 
tumor ADC at baseline (ADCchange) was 
calculated with the following formula:

MR imaging 3–4 weeks after treatment 
at our institution. We excluded patients 
if they (a) had undergone treatment at 
an outside hospital, (b) had an incom-
plete MR imaging examination before or 
after treatment, (c) had undergone MR 
imaging performed with a different im-
ager at any time point, (d) had severe 
image artifacts, or (e) had undergone a 
different therapy (yttrium 90 or TACE 
with sorafenib or bevacizumab [Avastin; 
Genentech, South San Francisco, Ca-
lif]) (Fig 1). Our final study population 
comprised 143 patients whose survival 
outcomes were analyzed. Laboratory pa-
rameters and demographic, clinical, and 
imaging data were collected from patient 
case records.

IAT Procedures
All IAT procedures (conventional TACE 
and TACE with drug-eluting beads 
loaded with doxorubicin) were sub-
segmental and were performed by an 

Figure 1

Figure 1: Flowchart shows inclusion and 
exclusion of patients who underwent IAT for HCC 
between October 2005 and February 2011. 
TheraSphere (Nordion, Ottawa, Ontario, Canada) is 
a liver cancer therapy. CE-MRI = contrast-enhanced 
MR imaging, DEB = drug-eluting beads, DWI = 
diffusion-weighted imaging.
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and a decrease in enhancement were 
then selected on the basis of the high-
est log likelihood. Goodness of fit for 
our Cox model was tested by using the 
Stata (College Station, Tex) command 
stcoxgof. In a second multivariate Cox 
model, we tested the influence of possi-
ble confounding factors on the thresh-
old selection—namely age, sex, Barce-
lona Clinic for Liver Cancer (BCLC) 
stage, and number of treatments after 
initial IAT. Finally, to evaluate the per-
formance of these thresholds, patients 
in the validation set were stratified into 
responders and nonresponders accord-
ing to the optimal cutoff. In a second 
step, the training set was split into du-
al-parameter responders if they fulfilled 
the ADC and venous enhancement cri-
teria. Lesions that fulfilled one of the 
two criteria were classified as a single-
parameter response, while lesions that 
did not fulfill either criterion were clas-
sified as nonresponders. Survival differ-
ences between groups were tested by 
using a multivariate Cox proportional 
hazards model. Statistical software 
(Stata, version 10.1; Stata) was used 
for all statistical analyses.

Results

Patient Characteristics
Table 1 summarizes the baseline char-
acteristics of the 143 patients and is 
stratified by the training and validation 
data set. Within the entire group, the 
mean age was 62.3 years, and 118 pa-
tients (82.5%) were male. The mean 
tumor size (RECIST measurement) 
before treatment was 88.1 mm, and it 
decreased slightly after treatment (83.3 
mm). None of the baseline character-
istics differed significantly between the 
training and validation data sets. A to-
tal of 108 patients (75.5%) underwent 
conventional TACE, and the remain-
ing 35 (24.5%) underwent TACE with 
drug-eluting beads. Patient distribution 
was similar in the training and valida-
tion data sets. In the training data set, 
88 of 114 patients (77.2%) underwent 
conventional TACE, and the remaining 
26 (22.8%) underwent TACE with drug-
eluting beads. In the validation data set, 
20 of 29 patients (69.0%) underwent 

TACE, and the remaining nine (31.0%) 
underwent TACE with drug-eluting 
beads (P = .36). The number of subse-
quent TACE treatments observed was 
also similar between the training (mean 
number of follow-up treatments, 1.58; 
range, zero to eight treatments) and 
validation (mean number of follow-up 
treatments, 1.31; range, zero to six 
treatments) data sets.

Median survival of all 143 patients 
with HCC was 17.5 months (95% con-
fidence interval: 11.5, 25.4 months). A 
total of 91 patients (63.6%) had died 
at the time of data closure on March 
31st, 2012. Survival at 6-, 12-, and 
24-month follow-up was 71.3%, 56.6%, 
and 36.4%, respectively. Number of 
events (42 [36.8%] vs 10 [34.5%], P = 
.81) and median survival (18.5 months 
vs 14.9 months, P = .89) did not differ 
significantly between training and vali-
dation data sets.

Training Data Set Results
The optimal cutoff for increase in ADC 
and decrease in VE after IAT was de-
termined based on the highest log likeli-
hood in the Cox regression model. In the 
training data set, the highest log likeli-
hood was obtained with a 23% increase 
in ADC (log likelihood, 2295.94) and 
a 65% decrease in VE (log likelihood, 
2301.62). These results were similar 
for a combined Cox model, which used 
both variables (log likelihood, 2292.17) 
to obtain cutoff for a multiparametric 
volumetric analysis of treatment re-
sponse. Next, we performed the same 
analysis by using multivariate Cox 
analysis, which included percentage in-
crease in ADC, percentage decrease in 
VE, age, sex, BCLC stage, and number 
of treatments. Again, results were very 
similar to results of the initial analysis 
variables (optimal ADC cutoff, 23% 
increase in ADC; optimal VE cutoff, 
66% decrease in VE) (log likelihood, 
2417.63). The optimal cutoffs were de-
termined again in five different random 
samples to test how stable and precise 
these results were. The resulting opti-
mal cutoffs ranged from 15% to 23% 
for increase in ADC and from 65% to 
72% for decrease in VE. Determination 
of the cutoffs in the entire population 

also resulted in a similar optimal cutoff 
for ADC (23% increase; log likelihood, 
2393.40) and VE (66% decrease; log 
likelihood, 2403.06). The goodness of 
fit test for the Cox model showed that 
these thresholds were representative 
for the data for both ADC (P , .001) 
and VE (P , .001).

Validation Data Set Results
An overview of the results of the validation 
data set analysis is shown in Table 2, in-
cluding the 25th percentile survival and 
median survival time, as well as the 6-, 
12-, and 24-month survival rates for all 
response groups.

First, the validation data set was 
segregated according to the training 
data set results; however, for conve-
nience and future use, we performed 
the subsequent analysis by using an 
ADC cutoff of 25% instead of 23%. Pa-
tients with HCC lesions that showed an 
increase in ADC of at least 25% were 
categorized as responders (12 of 29 
patients [41.4%]), while patients with 
an HCC lesion that showed a smaller 
increase or decrease in ADC were cate-
gorized as nonresponders (17 of 29 pa-
tients [58.6%]). Survival differed signif-
icantly between the groups, with a 25th 
percentile survival of 11.1 months in re-
sponders (median survival could not be 
determined due to the small number of 
events) and 25th percentile survival of 
4.9 months in nonresponders (median 
survival, 6.0 months; P = .01) (Fig 2, 
A). In the multivariate Cox model, the 
hazard ratio for the ADC cutoff of 25% 
was reduced from 0.46 to 0.27, but it 
remained significant (P = .02).

Patients with HCC lesions that 
showed a decrease in VE of 65% or 
more were categorized as responders 
(eight of 29 patients [27.6%]), 
while patients with HCC lesions that 
showed an increase or a decrease of 
less than 65% were categorized as 
nonresponders (21 of 29 patients 
[72.4%]). Survival differences be-
tween responders and nonresponders 
were also significantly different (P = 
.012). Responders had a 25th percen-
tile survival of 11.5 months (median 
survival could not be determined due 
to the small number of events), and 
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Table 1

Baseline Characteristics of 143 Patients with HCC

Characteristic Entire Population Training Data Set Validation Data Set P Value

HCC 143 114 (79.7) 29 (20.3) …
Age* 62.3 6 10.8 (56–70) 61.9 6 10.9 (56–68) 64.0 6 10.8 (57–71) .35
Sex .56
 Male 118 (82.5) 93 (81.6) 25 (86.2) …
 Female 25 (17.5) 21 (18.4) 4 (13.8) …
Race .09
 White 85 (59.4) 64 (56.1) 21 (72.4) …
 African American 43 (30.1) 36 (31.6) 7 (24.1) …
 Hispanic 2 (1.4) 2 (1.8)   0 …
 Asian 8 (5.6) 8 (7.0)   0 …
 Other 5 (3.5) 4 (3.5) 1 (3.5) …
Cause .34
 Alcohol 14 (9.9) 10 (8.9) 4 (13.8) …
 Hepatitis C 38 (26.8) 28 (24.8) 10 (34.5) …
 Hepatitis C and ALD 14 (9.9) 12 (10.6) 2 (6.9) …
 Hepatitis C and HIV 8 (5.6) 5 (4.4) 3 (10.3) …
 Hepatitis B 25 (17.5) 24 (21.2) 1 (3.5) …
 Hepatitis B and C 2 (1.4) 2 (1.8)   0 …
 Hepatitis B and HIV 1 (0.7) 1 (0.9)   0 …
 Hepatitis B, C, and ALD 1 (0.7) 1 (0.9)   0 …
 Hepatitis B, C, and HIV 1 (0.7) 1 (0.9)   0 …
 Cryptogenic cirrhosis 29 (20.3) 21 (18.4) 8 (27.6) …
 Alagille syndrome 1 (0.7) 1 (0.9)   0 …
 Nonalcoholic steatohepatitis 8 (5.63) 7 (6.2) 1 (3.5) …
Cirrhosis .39
 Absent 31 (21.7) 23 (20.2) 8 (27.6) …
 Present 112 (78.3) 91 (79.8) 21 (72.4) …
Child-Pugh classification† .43
 A 63 (57.3) 53 (59.5) 10 (47.6) …
 B 39 (35.5) 29 (32.6) 10 (47.6) …
 C 8 (7.3) 7 (7.9) 1 (4.8) …
BCLC stage .98
 A 41 (28.7) 32 (28.0) 9 (31.0) …
 B 44 (30.8) 35 (30.7) 9 (31.0) …
 C 43 (30.1) 37 (32.5) 6 (20.7) …
 D 15 (10.5) 10 (8.8) 5 (17.2) …
a-fetoprotein level .43
 200 ng/mL 88 (61.5) 72 (63.2) 16 (55.2) …
 .200 ng/mL 55 (38.5) 42 (36.8) 13 (44.8) …
Tumor diameter .43
 5 cm 46 (32.2) 37 (32.5) 9 (31.0) …
 5–10 cm 46 (32.2) 33 (28.9) 13 (44.8) …
 10 cm 51 (35.6) 44 (38.6) 7 (24.1) …
Mean tumor ADC (31023 mm/sec2)*
 Before IAT 1.44 6 0.37 1.46 6 0.37 1.36 6 0.32 .23
 After IAT 1.70 6 0.42 1.72 6 0.42 1.59 6 0.42 .13
Mean tumor volumetric enhancement in the portal venous phase (%)*
 Before IAT 73.0 6 30.7 71.4 6 27.9 79.6 6 39.7 .20
 After IAT 50.3 6 34.1 49.9 6 32.2 51.8 6 41.7 .79

Note.—Unless otherwise indicated, data are numbers of patients, and data in parentheses are percentages. ADC = apparent diffusion coefficient, ALD = alcoholic liver disease, HIV = human 
immunodeficiency virus.

* Data are mean 6 standard deviation. Data in parentheses are interquartile range.
† Only in patients with cirrhosis (n = 112).
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ADC and VE criteria. Our data further 
indicate that a combination of the two 
parameters enables prediction of a bet-
ter outcome in patients with unresect-
able HCC who underwent IAT. Patients 
classified as dual-parameter responders 

enhancement threshold of 65% were 
tested in a second smaller validation 
data set. We saw a significant differ-
ence in survival between patients cate-
gorized as responders and those cate-
gorized as nonresponders according to 

nonresponders had a 25th percentile 
survival of 5.1 months (median sur-
vival, 11.1 months) (Fig 2, B). The haz-
ard ratio for a 65% decrease in VE was 
0.69 in the univariate Cox model and 
was reduced to 0.56 in the multivariate 
model. No factor showed significance 
in the multivariate model.

Next, the validation data set was 
stratified into three volumetric multi-
parametric MR imaging response cat-
egories according to the ADC and VE 
thresholds described previously. Pa-
tients with HCC lesions that showed at 
least a 25% increase in ADC and a 65% 
decrease in enhancement were classi-
fied as dual-parameter responders (six 
of 29 patients [20.7%]). Lesions that 
fulfilled one of the two criteria were clas-
sified as a single-parameter response 
(nine of 29 patients [31.0%]), while 
lesions that did not fulfill either crite-
rion were classified as nonresponders 
(14 of 29 patients [48.3%]). Survival 
differences were significant between 
the three groups (P = .01) (Fig 3). The 
25th percentile survival of patients cat-
egorized as dual-parameter responders 
was 30.0 months (median survival, 35.8 
months); single-parameter response 
was 6.0 months (median survival, 
12.1 months) compared with a 25th 
percentile survival of 5.1 months (me-
dian survival, 6.0 months) in patients 
categorized as nonresponders. The re-
sults of the uni- and mulitvariate Cox  
regression analysis are shown in Table 3.  
Figures 4–6 show examples of patients 
from the validation data set who were 
categorized as dual-parameter re-
sponders, single-parameter responders, 
and nonresponders, respectively. Table 4  
shows the clinical variables and mean 
MR imaging variables according to vol-
umetric multiparametric MR imaging 
response category.

Discussion

In our study, we determined the opti-
mal ADC threshold (23% increase) and 
portal venous enhancement threshold 
(65% decrease) for prediction of patient 
survival after IAT in patients with unre-
sectable HCC. Next, an ADC threshold 
of 25% increase and a portal venous 
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necrosis: ADC maps and contrast-
enhanced MR images (20,21). An in-
crease in ADC after therapy has been 
shown to be associated with cellular 
edema, fibrosis, necrosis, and apoptosis 
(33–35). On the other hand, a decrease 
in contrast enhancement is indicative of 
disruption of tumor blood supply and 
has been correlated with necrosis and 
improved survival in patients with HCC 
(33,36,37). Both imaging biomarkers 
performed well in our validation set; 
however, combining both parameters 
enabled better stratification of patients. 
We saw fewer events and longer sur-
vival times in patients categorized as 
dual-parameter responders compared 
with those categorized as single-param-
eter responders or nonresponders. In 
our opinion, this significantly increased 
survival is due to the fact that these 
patients also had larger changes in the 
single parameters (ie, a large increase 
in ADC and a larger decrease in VE). 
Furthermore, assessment of response 
with two variables instead of with one 
variable can increase the certainty of 
response assessment. For example, the 
mean venous enhancement of the entire 
tumor lesion could decrease due to an 
increase in tumor size and subsequent 
central necrosis. Use of two parameters 
strengthens the diagnosis and enables 
better stratification of patients.

To test the reliability of the cutoffs 
we obtained, we tested thresholds in a 
statistical model with and without the 
following confounding factors: age, sex, 
BCLC stage, and number of subsequent 
treatments (after and in addition to the 
initial treatment). The hazard ratios 
for the cutoffs for ADC and VE did not 
differ between the two models (Cox 
model without and with confounding 
variables). Although BCLC was a strong 
predictor of survival, the addition of the 
confounding factors had almost no ef-
fect on the ADC and VE results within 
the validation data set.

Our study had several limitations. 
First, the validation set was a cohort 
of patients who underwent IAT at the 
same institution and following the same 
protocols as the patients in the train-
ing set. Thus, our results need to be 
validated in other populations. Second, 

volumetric functional MR imaging cri-
teria that can be used to assess viable 
tumor tissue and provide a strong pre-
dictor of response and survival. Soft-
ware developments have enabled easy, 
reliable, and reproducible volumetric 
evaluation of liver lesions (15,17,32). 
We used proprietary software based 
on these techniques to analyze two 
well-described biomarkers of tumor 

had a 2-year survival rate of 83%, 
whereas patients classified as single-pa-
rameter responders and those classified 
as nonresponders had 2-year survival 
rates of 43% and 14%, respectively.

To overcome the limitations of cur-
rent anatomic response assessment 
methods, including RECIST, EASL and 
modified RECIST guidelines (10–14,26–
31), we aimed to create HCC-specific 

Figure 2

Figure 2: Kaplan-Meier survival plots of the 29 patients in the validation data set. Error bars are 95% 
confidence intervals (95% CI). A, Data are stratified by tumor response according to 25% increase in ADC. 
Responders show significantly longer survival time and higher 6-, 12- and 24-month survival rates compared 
with nonresponders. B, Data are stratified by response according to 65% decrease in portal venous enhance-
ment. Responders show an insignificantly longer survival time and higher 6-, 12-, and 24-month survival 
rates compared with nonresponders.
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increase of 25% and a venous enhance-
ment decrease of 65% enabled excel-
lent stratification into three response 
groups and were good predictors of 
overall survival in patients with unre-
sectable HCC. Potential confounding 
factors, such as patient age, sex, BCLC 
status, and number of subsequent 
treatments, did not affect the thresh-
olds identified. Further validation of 
our data in more patients at multiple 
centers is needed.

almost all patients underwent several 
IAT sessions; however, in our study, we 
observed only the change within the 
index lesions treated at the initial IAT 
session. Subsequent treatments of the 
same lesion or of other hepatic lesions 
may have affected overall survival. 
Third, the software used in this study is 
a research tool that is not available for 
clinical use at this time. Fourth, we di-
vided our sample into a training set and 
a validation set, thereby losing some 
statistical power and using a cruder 
method to estimate the optimal cutoff. 
Fifth, we did not include arterial phase 
enhancement in our analysis because 
the data were less robust compared 
with those obtained with venous phase 
enhancement. This may have hindered 
direct comparison of our results with 
those of other studies. Sixth, factors 
such as concurrent liver disease, over-
all tumor burden, and tumor biology 
have been shown to be prognostic in-
dicators of survival (38–40) and may 
have influenced our results. Seventh, 
VE calculations were based on signal 
intensity and not on gadolinium con-
centration in the tissue. Signal intensity 
variations may have arisen from other 
factors, such as concurrent lesions or 
underlying liver disease status, which 
could not be taken into account in this 
study.

In conclusion, we determined the 
optimal cutoffs for volumetric func-
tional MR imaging–based assessment 
of early response to treatment in pa-
tients with unresectable HCC. An ADC 

Table 3

Univariate and Multivariate Cox Regression Analysis for Overall Survival

MR Imaging Measure or Clinical Variable

Univariate Analysis Multivariate Analysis Model A Multivariate Analysis Model B

Hazard  
Ratio

95% Confidence  
Interval P  Value

Hazard  
Ratio

95% Confidence  
Interval P Value

Hazard  
Ratio

95% Confidence  
Interval P  Value

Age (y) 1.03 0.98, 1.07 .21 1.03 0.99, 1.07 .13 1.03 0.98, 1.07 .24
Male sex 0.79 0.27, 2.32 .67 0.50 0.15, 1.62 .25 0.34 0.09, 1.07 .11

BCLC stage 1.36 0.96, 1.93 .08 1.27 0.88, 1.83 .21 1.25 0.84, 1.86 .26

No. of treatments 0.87 0.66, 1.14 .31 0.79 0.60, 1.05 .10 0.79 0.59, 1.06 .12

Volumetric multiparametric MR imaging 0.64 0.34, 0.78 .01 … … … 0.48 0.26, 0.89 .02

Note.—Model A includes volumetric multiparametric MR imaging variable and a single variable. Model B includes volumetric multiparametric MR imaging variable and all variables.

Figure 3

Figure 3: Kaplan-Meier survival plots of the 29 patients in the validation data set. Data are stratified 
by volumetric functional MR imaging tumor response. Error bars are 95% confidence intervals (95% CI). 
Dual-parameter responders (n = 6) have significantly longer survival times and higher 6-, 12- and 24-month 
survival rates compared with single-parameter responders (n = 9) and nonresponders (n = 14).
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Figure 4

Figure 4: Data were obtained in a 55-year-old man with HCC in the validation data set who was stratified as a dual-parameter responder. Before therapy, index 
lesion RECIST size was 3.7 cm and volume, 19.7 cm3. After treatment, index lesion RECIST size decreased to 2.7 cm, and volume decreased to 8.6 cm3. (a) Color-
coded functional ADC map shows segmented tumor before treatment. (b) Histogram shows distribution of ADC values (measured in micrometers per second squared)  
before treatment. (c) Histogram shows distribution of portal venous enhancement before treatment. (d) Color-coded functional ADC map shows segmented tumor 4 
weeks after treatment. (e) Histogram shows distribution of ADC values (measured in micrometers per second squared) 4 weeks after treatment. Mean ADC increased 
from 1.21 3 1023 mm/sec2 to 2.13 3 1023 mm/sec2 (88% increase). (f) Histogram shows distribution of portal venous enhancement 4 weeks after treatment. 
Mean portal venous enhancement decreased from 54.0% to 2.7% (94.9% decrease).

Figure 5

Figure 5: Data were obtained in a 79-year old man with HCC in the validation data set who was stratified as a single-parameter responder. Before treatment, index lesion 
RECIST size was 4.2 cm and volume, 32.4 cm3. After treatment, index lesion RECIST size increased slightly to 4.8 cm, and volume increased to 35.7 cm3. (a) Color-coded 
functional ADC map shows segmented tumor before treatment. (b) Histogram shows distribution of ADC values (measured in micrometers per second squared) before treat-
ment. (c) Histogram shows distribution of portal venous enhancement before treatment. (d) Color-coded functional ADC map shows segmented tumor 4 weeks after treatment. 
(e) Histogram shows distribution of ADC values 4 weeks after treatment. Mean ADC increased from 1.19 3 1023 mm/sec2 to 1.81 3 1023 mm/sec2 (52.1% increase). 
(f) Histogram shows distribution of portal venous enhancement 4 weeks after treatment. Mean portal venous enhancement decreased from 116.9% to 78.1% (33.2% 
decrease).
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Table 4

Selected Clinical and MR Imaging Variables within the Validation Data Set, Stratified by Volumetric Multiparametric MR Imaging 
Response

Variable All (n = 29)
Dual-Parameter  
Responders (n = 6)

Single-Parameter  
Responders (n = 9)

Nonresponders  
(n = 14) P Value*

Age (y) 64.0 6 10.8 65.5 6 10.3 62.0 6 7.8 64.6 6 13.0 .32
No. of treatments 1.3 6 1.6 1.2 6 1.0 1.3 (6 1.7 1.4 6 1.8 .37
Change in RECIST tumor size (%) 23.9 6 15.4 28.3 6 13.5 29.0 6 12.5 1.3 6 16.9 .64
Change in tumor volume (%) 211.8 6 31.8 215.1 6 29.1 214.9 6 34.4 28.4 6 33.0 .92
Increase in ADC (%) 19.5 6 30.8 36.4 6 16.0 37.3 6 38.8 1.9 6 17.3 .02
Decrease in VE (%) 36.2 6 35.5 80.29 6 11.9 38.0 6 39.1 19.2 6 24.0 .05

Note.—Data are mean 6 standard deviation.

* P value for analysis of variance.

Figure 6

Figure 6: Data were obtained in a 62-year-old man with HCC in the validation data set who was stratified as a nonresponder. Before treatment, index lesion RECIST 
size was 7.8 cm and volume, 80.4 cm3. After treatment, index lesion RECIST size decreased to 6.9 cm, and volume was 65.0 cm3. (a) Color-coded functional ADC 
map shows segmented tumor before treatment. (b) Histogram shows distribution of ADC values (measured in micrometers per second squared) before treatment. 
(c) Histogram shows distribution of portal venous enhancement before treatment. (d) Color-coded functional ADC map shows segmented tumor 4 weeks after 
treatment. (e) Histogram shows distribution of ADC values 4 weeks after treatment. Mean ADC increased from 1.44 3 1023 mm/sec2 to 1.69 3 1023 mm/sec2 
(17.4% increase). (f) Histogram shows distribution of portal venous enhancement 4 weeks after treatment. Mean portal venous enhancement increased from 79.3% 
to 107.2% (35.3% increase).
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